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ABSTRACT 
The ob jec t ive  of t h i s  program was t o  eva lua t e  the  problems involved i n  
using l i q u i d  methane i n  a supersonic cruise- type a i r c r a f t .  The analyses  
included p re s su r i za t ion  and f u e l  t r a n s f e r  i n  systems using l i q u i d  methane 
i n  a s a t u r a t e d  s t a t e ,  i n  t he  subcooled s t a t e ,  o r  p a r t l y  a s  a s a tu ra t ed  
l i q u i d  and p a r t l y  a s  a subcooled l iqu id .  The program included designing 
and f a b r i c a t i n g  a t e s t  r i g ,  conducting 49 t e s t s ,  and reducing and analyzing 
some 100 channels of data.  Three sepa ra t e  low-pressure tank conf igura t ions  
and one high-pressure tank were tes ted .  The t e s t s  demonstrated t h a t  subcooled 
methane can be loaded and held f o r  reasonable lengths of time under simulated 
a i r c r a f t  condi t ions  using methane vapors t o  maintain t h e  pressur iza t ion .  
x i x  
EVALUATION OF LIQUID METHANE 
STORAGE AND TRANSFER PROBLEMS 
I N  SUPERSONIC AIRCRAFT 
J. L. McGREW, D. L. BUSKIRK 
H. F. BRADY AND M. W. LEEDS 
The o b j e c t i v e  of t h i s  program i s  t o  e v a l u a t e  problems of l i q u i d  methane 
s t o r a g e  i n  a  superson ic  c r u i s e  type  a i r c r a f t ,  i n c l u d i n g  p r e s s u r i z a t i o n  and 
f u e l  t r a n s f e r  i n  systems us ing  l i q u i d  methane i n  t h e  s a t u r a t e d  s t a t e ,  i n  t h e  
sub-cooled s t a t e ,  o r  i n  a system where p a r t  of t h e  f u e l  i s  s t o r e d  a s  a s a t -  
u r a t e d  l i q u i d  and p a r t  of i t  i s  s t o r e d  as a subcooled l i q u i d .  
To accomplish t h i s  o b j e c t i v e  a "thermal" wing test  bed was des igned 
t o  t e s t  f o u r  f u l l - s i z e d  t anks  of d i f f e r e n t  c o n f i g u r a t i o n s .  The t e s t  r i g  had 
p rov i s ions  f o r  p rov id ing  s imula ted  s l o s h  and aero-heat ing.  Each of t h e  f o u r  
t anks  could  be f i l l e d ,  d ra ined ,  p r e s s u r i z e d  and vented i n d i v i d u a l l y .  P rov i s ions  
were made i n  t h e  l a t t e r  p o r t i o n  of t h e  t e s t  program f o r  s imula ted  s e r i e s  f i l l i n g  
of t h e  low p r e s s u r e  tank.  The t e s t  r i g  and t anks  were e x t e n s i v e l y  ins t rumented.  
Three low-pressure t a n k  des igns  were chosen, each w i t h  i t s  own unique 
f e a t u r e  t o  s t o r e  subcooled methane and minimize condensa t ion  of t h e  p r e s s u r -  
i x i n g  methane gas .  These des igns  c o n s i s t e d  of t h e  s t a n d p i p e  c o n f i g u r a t i o n  
(a main t ank  w i t h  connect ing l i n e s  t o  a s e p a r a t e  p r e s s u r i z a t i o n  chamber); 
t h e  b a f f l e d  tank,  c o n t a i n i n g  f i v e  p a r t i t i o n e d  compartments; and a  t ank  f i l l e d  
w i t h  polyurethane foam, A l l  tanks ,  even t o  t h e  h igh-pressure  tank, were 2 f t  
(0.61 m) i n  diameter,  had a n  o v e r a l l  l e n g t h  of 7 f t  (2.13 m), and had dcned 
ends. The i n s u l a t i o n  was t h i c k  enough t o  permit  a  s t e a d y - s t a t e  h e a t  f l u x  of 
approximately  120 ~ ~ ~ / f t ~ - h r  (378 w/m2) under t h e  wors t  t e s t  c o n d i t i o n s .  
The t e s t s  s imula ted  a l l  phases of a n  a c t u a l  a i r c r a f t  f l igh t - -g round  f i l l  
and hold,  t a x i ,  a s c e n t ,  c r u i s e ,  f u e l  outflow, descen t ,  and d r a i n .  To avoid  
t h e  need f o r  a n  a l t i t u d e  t e s t  chamber when s i m u l a t i n g  f l i g h t ,  t h e  temperature  
of t h e  l i q u i d  methane and t h e  t e s t  p r e s s u r e s  were changed t o  ach ieve  condi-  
t i o n s  comparable t o  t h o s e  exper ienced by a n  a c t u a l  a i r c r a f t  us ing  a  l o c a l  
ba romet r ic  p r e s s u r e  as a base .  
A computer program was w r i t t e n  t o  read  t h e  raw m i l l i v o l t  d a t a  from d i g i t a l  
t apes ,  smooth t h e  va lues ,  average them, conver t  them t o  eng ineer ing  u n i t s ,  
and p l o t  t h e  d a t a  i n f i n i s h e d  form. Th is  model a l s o  c a l c u l a t e d  t h e  v e n t  
and p r e s s u r i z a t i o n  f l o w r a t e s  from t h e  r e s p e c t i v e  v e n t u r i  p r e s s u r e  and tem- 
p e r a t u r e  da ta ,  and i n t e g r a t e d  t h e  f l o w r a t e s  over  s p e c i f i e d  t ime i n t e r v a l s .  
Loading t e s t s  proved t h e  f e a s i b i l i t y  of load ing  and main ta in ing  sub- 
cooled methane, p r e s s u r i z e d  w i t h  i ts  own vapors.  The degree  of subcool ing,  
however, was s e n s i t i v e  t o  p r e s s u r e  c o n t r o l  i n  t h e  s o u r c e  dewar. S e v e r a l  
degrees  of subcool ing were l o s t  dur ing  each t e s t  whi le  t h e  l i q u i d  was flow- 
i n g  from t h e  supp ly  dewar t o  t h e  t a n k  i n l e t .  P o s s i b l e  s o l u t i o n s  might be 
t o  u s e  i n s u l a t e d  o r  e x t e r n a l l y  cooled f i l l  l i n e s  t o  reduce t h i s  l o s s  of 
subcool ing o r  i n c r e a s e  t h e  i n i t i a l  subcooling. 
Only one tank, which had no s p e c i a l  s lo sh  apparatus,  experienced any 
pressure f l uc tua t ions  when a sub-cooled l i qu id  was sloshed. These pressure 
f l uc tua t ions  were r e l a t i v e l y  small  and i t  is an t i c ipa t ed  t h a t  a very simple 
pressure  system could be designed t o  r e c t i f y  the problem f o r  t h i s  type of 
tank. 
Heat t r a n s f e r  t e s t s  were run on three  tank configurat ions.  These t e s t s  
ind ica ted  t h a t  t he  e f f e c t i v e  thermal performance of the  tank can be main- 
ta ined  a t  near ly  t he  l e v e l  of the  bas ic  i n s u l a t i o n  mater ia l .  It was a l s o  
shown t h a t  s losh ing  had l i t t l e  e f f e c t  on thermal performance. 
The l i q u i d  pumping t e s t s  d id  not uncover any s i g n i f i c a n t  problems i n  
the  pumping of cryogenic methane. It was v e r i f i e d  t h a t  a s i g n i f i c a n t  increase  
i n  tank pressure is required t o  maintain NPSH a t  t he  pump i f  i t  is  an  apprec- 
i a b l e  d i s t ance  from the  tank. This was pr imari ly  due t o  hea t  leak  i n  t he  l i n e .  
The f l i g h t  s imula t ion  t e s t s  successfu l ly  demonstrated t h a t  t h e  l i qu id  
methane could be kept pressurized during the  ascent  and descent  port ions of 
a f l i g h t ,  t h a t  the l i q u i d  bo i lo f f  losses  during ascent  could be cont ro l led  
by loading subcooled l iqu id ,  and t h a t  the  p re s su r i za t ion  system adequately 
maintained tank pressure  above ambient during t h e  descent.  
Nitrogen was t r i e d  on three  t e s t s  a s  the  pressurant  and s o l u b i l i t y  
samples were taken. Nitorgen appears t o  be worthy of f u r t h e r  i nves t iga t ion  
a s  a pressurant  f o r  l i qu id  methane, based on maximum s o l u b i l i t y  values of 4.5% 
wi th in  1 112 in.  (3.8 cm) of t he  su r f ace  of t he  l i qu id .  
11. INTRODUCTION 
Cryogenic fuels pose a number of significant problems not encountered 
with conventional aircraft fuels. The performance advantages of a cryogenic 
fuel such as liquid methane (or liquid natural gas) are substantial as 
compared to light petroleum distillates, but ultimate application in either 
commercial or government uses will depend upon satisfactory solutions of 
significant engineering problems, 
The objective of this program was to study and investigate the most 
significant of the anticipated problems with liquid methane and to develop 
practical and usef'ul solutions to them. It is anticipated that the results 
of this program will materially assist in future aircraft cryogenic fuel 
system designs. It is obviously not possible in a program of this type 
to answer completely all fuel system problems for a diverse variety of 
future applications. Consequently, in this program a number of more basic 
questions were examined and a broad base of fundamental engineering data 
was developed. Specific fuel system elements and problems which were 
investigated experimentally are: 
(1) Various fuel tank loading techniques. 
(2) Several tank pressure control techniques. 
(3) Liquid pumping and transfer. 
(4) The effect of heat flow on pressure control and liquid net positive 
suction head--maintaining a proper fuel tank thermal balance. 
(5) The effect of sloshing during various phases of aircraft operation on 
pressure control. 
A more detailed discussion of the specific problem areas and the test 
program designed to examine them is presented in Section 111. Section IV 
presents a detailed description of the test hardware. Test procedures and a 
complete summary of the test data are given in Section V. Typical data for 
each type of testare also presented in this section. A complete compilation 
of data is presented in Volumes I and I1 of the Comprehensive Data Report. 
The conclusions and recommendations for future investigations are discussed 
in Section VI. Appendix A contains a thermal analysis of the heat transfer 
from the simulated wing to the test tanks as well as internal tank energy 
balances performed during various test periods. 
111. DISCUSSION 
During the operation of an aircraft, the fuel system is subjected to a 
number of environments and must predictably and reliably continue to store 
and feed fuel in accordance with propulsive requirements. The fuel system 
operating environments for a high altitude supersonic vehicle are more severe, 
but otherwise are similar to the environments for more conventional craft. 
That is, the supersonic fuel storage system must have additional thermal 
insulation in order to regulate heat flow from the aerodynamically heated 
surrounding structure, and must operate over a wider range of ambient pressures. 
A typical supersonic aircraft operating profile is shown below. 
Heat 
Flow 
Ambient 
Pressure 
Load Hold 
Tank 
Taxi & Ascent Cruise at Descent 
Takeoff Altitude 
The most significant fuel system problem associated with cryogenically 
fueled supersonic aircraft is maintaining fuel tank pressure within acceptable 
limits during all phases of operation. This problem and a discussion of the 
test program designed to investigate it are discussed in the following sections. 
A. CRYOGENIC FUEL STORAGE AND CONTROL PROBUMS 
Fuel tank pressurization is required to provide sufficient engine pump 
net positive suction head (NPSH) for reliable engine operation throughout all 
phases of the aircraft mission. Because the bulk of the fuel may be carried in 
the wings, fuel tanks of almost rectangular cross section may be employed to 
gain maximum volumetric efficiency. Generally, this tank configuration is quite 
weight sensitive to internal tank pressure. To build a fuel tank of required 
volume within reasonable weight allowances, the tank operating pressure must 
be held to a minimum. This low tank pressure requirement is the heart of what 
is probably the most significant engineering problem in applying liquid methane 
to commercial aircraft. 
Along with the required liquid subcooling which introduces fuel loading 
difficulties, this low pressure criterion requires regulation of tank conditions 
during ascent and descent, and requires NPSH maintenance during fuel sloshing 
as a result of turbulent conditions encountered during aircraft operation. 
1. Fuel Slosh 
A serious problem in the operation of the liquid methane propellant system 
may occur when a period of rest or smooth flight is followed by sudden distur- 
bances, causing sudden accelerations of the fuel tank. The undistrubed period 
may be long enough to result in a thermal stratification of the gas layer above 
the cryogenic propellant: gas temperatures near the skin may be several hundred 
degrees Fahrenheit in excess of the liquid temperature. Sudden acceleration of 
the tank may result in liquid slosh and considerable cooling of the gas. The 
resulting pressure change may adversely affect the operation of the fuel system, 
or the integrity of the tanklwing structure. 
Typically, the following conditions may cause sudden tank accelerations 
following a period of rest or smooth flight: 
1) Takeoff, when the normal accelerations imposed on the aircraft 
by unevenness of the runway surface follow a period of parking; 
2) Maneuvering conditions, which may impose large steadystate or 
transient acceleration on the aircraft structure; 
3) Atmospheric turbulence (gust penetration). 
The fuel tank pressure control problem can be resolved by reducing thermal mixing 
to a minimum and concurrently utilizing a sufficiently reactive and sensitive 
gas flow control system. 
2. Fuel Loading 
As mentioned previously, the inherent difficulties in handling cryogenic 
liquids can conceivably become major obstacles to the use of liquid methane as 
a fuel for a commercial aircraft. One of the first considerations is the loading 
of the fuel into the tanks. Loading a cryogenic liquid with a vapor pressure 
equal to or greater than the required total pressure in the fuel tank can be 
easily accomplished if care is taken during the initial tank cooldown and if 
proper venting control is provided; however, if the vapor pressure of the cryo- 
genic liquid is considerably lower than the required tank total pressure and 
a major fraction of the tank total pressure results from gasses which are 
condensible at the cryogenic liquid temperature (the liquids own vapor) con- 
siderable difficulties can arise. The reason for the difficulty encountered 
is fundamental from a thermodynamic point of view. To maintain a subcooled 
liquid pressurized with its own vapor, for example: a temperature stratification 
in the liquid must occur, because for all practical purposes the liquid/vapor 
interface is at the saturation temperature for the tank pressure. But while the 
tank is being filled the liquid is agitated and temperature stratification is 
difficult. Experience has shown that the condensation rate is extremely high 
and the rate of gas flow into the tank becomes the limiting factor in determining 
tank pressure. The high condensation rate and liquid mixing result in rapid 
liquid heating during this process. 
Obviously the condensation and heating are detrimental to the proper 
operation of the fuel system and some method of overcoming the problem must be 
found. One approach is to stop liquid mixing druing fill to permit the 
development of temperature stratification. 
Another method of preventing the rapid condensation is to fill the tank 
with a mixture of condensible and noncondensible gas. As the liquid flows into 
the tank, the condensible gas fractions adjacent to the liquid/vapor surface 
condense leaving a layer of noncondensible gas. This layer greatly reduces the 
condensation rate. The two-component concept is attractive because only a 
small percentage of noncondensible gas is required. 
3. Depressurization During Ascent to Altitude 
During aircraft ascent to altitude ambient pressure decreases and it is 
desirable to correspondingly decrease the pressure in the fuel tank in order 
to minimize the structural loading requirements of the fuel tank. If the vapor 
pressure of the fuel is high relative to total tank pressure at the beginning 
of aircraft ascent, liquid boiling will occur as tank pressure is lowered. 
An unacceptable loss of fuel can thus occur unless preventive steps are taken. 
This excessive fuel loss during ascent can be minimized or eliminated by 
loading subcooled liquid. If the liquid is subcooled to the point that its 
vapor pressure is equal to or less than the ambient pressure at altitude, the 
fuel loss would be completely eliminated. 
4. Fuel Pumping and Transfer 
High-volume pumping of near boiling liquids has been of considerable 
concern in many cryogenic liquid applications. The fundamental problem is 
that of maintaining a static pressure at least equal to the vapor pressure of 
the liquid at all points in the flow systems to prevent boiling. The problem 
usually is more critical at the inlet side of a pump or at other points in 
the flow system where liquid is being accelerated. The solution to the problem 
is to pressurize the liquid to a level somewhat higher than the vapor pressure 
of the liquid. The exact net positive suction head (NPSH, defined as total 
pressure minus vapor pressure) required to prevent local boiling (cavitation) 
depends primarily on the design of the pump inlet. 
In the application of liquid methane as a fuel forsupersonic aircraft, 
the increased heat flow to the liquid due to aerodynamic heating, and the require- 
ment to minimize tank operating pressure amplify the problems associated with 
maintaining adequate flow NPSH. 
The characteristics of the aircraft pressurization system will be strongly 
influenced by fuel transfer requirements. 
5. Repressurization During Descent From Altitude 
As the aircraft descends from altitude ambient pressure increases occur, 
and since the fuel tank will probably not be capable of withstanding crushing 
pressure, the tank must be repressurized. Some advantages occur if methane 
vapor is used as a pressurant; however, some problems in maintaining stable 
pressure might result. If considerable vapor condensation occurs excessive 
use of methane gas might be required. 
The use of more expensive pressurants such as helium would easily resolve 
any technical problems but are economically unattractive because of the large 
volume required. Nitrogen pressurization might be used if concentrations of 
disolved nitrogen less than equilibrium values could be achieved. Combustion 
efficiency of the equilibrium methanelnitrogen mixtures is poor. 
B. EXPERIMENTAL PROGRAM OUTLIIC3 
The various problems associated with the storage and control of cryogenic 
fluid discussed previously can only be resolved through a comprehensive experi- 
mental program. The significant features of our experimental program designed 
to resolve the major problems are outlined here, while a detailed presentation 
of the test apparatus and test results follow in later sections of this report. 
The general approach used in our study was to construct a full scale 
segment of a wing mounted fuel storage and control system and to subject it to 
test conditions which are closely representative of actual operational conditions. 
The test article consisted of a thermally simulated wing segment,four insulated 
wing mounted fuel tanks, and a liquid and gas control system. The wing segment 
was mounted on a shaker capable of high amplitude oscillations over a wide 
variety of frequencies such that representative fuel slosh modes could be 
obtained. A large radiant heat source was developed to simulate aerodynamic 
heating on the wing segment surfaces. An instrumentation system was developed 
to record all significant test results. 
Specific test objectives and associated experimental apparatus features are 
outlined below while a detailed description of the test gpparatus and each test 
conducted is presented in a later section of this report. 
1. Fuel Loading 
The objective of the fuel loading was to investigate the feasibility of 
loading subcooled liquid methane while maintaining an adequate tank pressure. 
All loading tests were conducted using the standpipe tank which is 
described in detail later. This tank is of open unbaffled internal construction 
and thus represents the most difficult tank to load since liquid mixing is 
unhampered and liquid temperature stratification tendencies are minimized. 
Loading with subcooled liquid methane was attempted using methane gas as a 
pressurant with the tank initially at room temperature and also with the tank 
precooled to liquid methane temperature. Conceivably the precooled tank might 
reduce liquid heating and thus increase the degree of liquid subcooling at the 
terminatton of loading. Tests were also run to compare parallel and series 
tank loading. The effects of series loading should be similar to precooling the 
tanks . 
In addition to the room temperature and precooled loading tests with methane 
gas pressurant, additional tests were conducted in which subcooled liquid methane 
was loaded using a heliumlmethane gas mixture as a pressurant. 
Loading tests were also conducted with liquid nitrogen using a nitrogen 
gas pressurant. These tests included both series and parallel tank loading. 
2. Ground Hold and Taxi Tests 
The objective of these tests was to determine whether pressure control 
could be maintained when the tanks were allowed to reach thermal equilibrium 
after fill and then were sloshed as might be expected during the taxi portion 
of a flight. It is possible that both liquid and gas temperature stratification 
might take place during ground hold, and sloshing incurred during subsequent 
runway taxi could result in pressure oscillations. These pressure fluctuations 
would be directly attributable to thermal mixing of the liquid and/or gas and, 
therefore, could be sensitive to tank configuration. To investigate these 
problems, ground hold and taxi tests were run on all four tank configurations 
with near zero ullage and with about 95% ullage. During the tests various degrees 
of slosh were induced. 
3. Heat Transfer Tests 
In this series of tests the overall heat transfer rates into the liquid 
were determined, including the effects of tank insulations, supports, and 
penetrations. These data help establish the validity of the rest of the test 
progra and in addition are useful in verifying a thermal design which is 
applicable in future actual flight system designs. 
4. Fuel Transfer Tests 
The objective of these tests was to study the problems associated with 
high flow rate pumping of liquid methane under the environment encountered in 
actual flight. The pump used in these tests was a centrifugal pump requiring 
a low NPSH in liquid methane. A complete discription of this pump is given in 
a later section. 
The problemof pump cooldown and pumping under a variety of inlet conditions 
were investigated. 
5. Simulated Aircraft Flight Tests 
A series of tests was conducted in which various phases of aircraft 
operations were simulated and theeffects of these conditions on fuel tank pressure 
were observed. Operating phases which were simulated are: ground hold and taxi, 
ascent to altitude, cruise at altitude with liquid outflow, and descent to land. 
Specific details of each test conducted are given later. In these tests four 
different tank configurations were used under a variety of test conditions. 
Three of the test tanks incorporated different designs to prevent mixing between 
the liquid methane and the pressurizing gas, thus reducing the tank pressure 
fluctuations caused by such mixing. The fourth tank configuration was a high 
pressure storage system in which it was anticipated that any pressure oscillations 
occurring during operation would be small compared to the total tank pressure 
and could thus be neglected. 
IV. TEST HARDWARE 
A. DESIGN 
To adequately investigate the problems associated with the storage and 
pressurization of liquid methane in supersonic aircraft it was necessary to 
fabricate a full scale section of a wing for use as a test bed. The simulated 
wing section did not have the same structural characteristics as an actual 
wing; however, from a thermal standpoint the simulation was completely adequate. 
The objectives of the tests dictate that the methane thermodynamic 
conditions must be completely duplicated. This specifically meant that'liquid 
subcooling and ascentldescent environment conditions must be simulated. Since 
it was impractical to run a test of this magnitude in a vacuum chamber, it was 
decided to simulate the ascentldescent profiles by pressurizing the tanka. 
The actual aircraft operating conditions are shown in figure 1. The fuel is 
loaded at atmospheric pressure and is subcooled to the saturation temperature 
at altitude. This prevents boiloff due to decreasing pressure during ascent. 
The important parameter to be duplicated for the test id the enthalpy change 
Ah. in going from saturated liquid at 14.7 psia to saturated liquid at 3.3 psia. 
In the test the 3.3 psia at ascent was simulated by atmospheric pressure 
at Denver which is about 12 psia. The liquid to be loaded was also saturated 
at 12 psia. The tank loading pressure was then determined so that the enthalpy 
change h2 between saturated liquid at loading pressure and saturated liquid 
at 12 psia was equal to the actual flight enthalpy change, Ah. The pressure 
which achieves this enthalpy change ia 36 peia. The simulated ffight pressure 
and temperature profile is shown in figure 2. As can be seen from figure 2, 
the saturation temperature difference is the same in both actual and simulated 
conditions. However, the pressure change in the simulated case is considerably 
larger than the actual conditions. This is due to the steeper saturation presaura 
curve at the higher pressures. The aircraft and equivalent test conditions 
are summarized in bble 1. 
TABLE 1.- COMPARISON OF AIRCRAFT AND TEST CONDITIONS 
1 Aircraft conditions 
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Figure I.- Typical Ai rcraf t  Flight Prof i le  
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Figure 2. - Simulated Aircraf t  Fl ight Prof i le 
The thermal wing was designed to accomodate four flight-sized tanks 
which were cylinderical with domed ends. The two center tanks would always 
be the test tanks, while the two outer tanks would serve as guard tanks to 
eliminate thermal end effects. The wing design was such that the tanks would 
be easily interchanged allowing all four tank configurations to be fully tested. 
The associated subsystems included a liquid methane supply system, a 
regulated vent system, a gaseous pressurization system, an aerodynamic heating 
system, and a simulated slosh system. A schematic of the system is shown in 
Figures 3 and 4. Figure 3 represents the system used during the first 37 
tests which used parallel tank loading. Figure 4 represents the system used 
during the last 12 tests which featured series tank loading through the 
standpipe tank. 
The design of these various components and subsystems are described in 
the following sections. 
1. Test Tanks 
The tank system consisted of four tanks, each of a different configuration. 
Three of the tanks were low pressure configurations and were interchanged 
during the test series. The fourth tank was designed for high pressure use. 
During each portion of the test series, one of the low-pressure tank configura- 
tions was mounted in one center bay section of the wing box. The high-pressure 
tank was mounted in the other center bay section and the remaining two tanks 
were mounted in the outer bay sections. Both center bay tanks were extensively 
instrumented. In each case, the outer bay tanks acted as guard tanks to eliminate 
span-wise heat transfer effects. Each tank configuration was designed to 
minimize the problems inherent in using a cryogenic fuel in a supersonic aircraft. 
a. Low-pressure tank, standpipe configuration.- This tank had two major 
elements: the main tank and the standpipe. The main tank was 24 in. (61 cm) 
in diameter, 84 in. (213 cm) long, and had hemispherical ends. It was made 
from 21-6-9 stainless steel and hydrostated at 1 1/2 times the expected oper- 
ating pressure of 25 psig (17.2 ~/cm2). The wall thickness was 0.035 in. 
(0.089 cm). 
Figure 5 shows design details of the tank. The skin sections were sepa- 
rated by rings 0.187 in. (0.47 cm) thick, which were, in turn, attached to 
three longerons located at 120-deg intervals around the outside of the tank. 
The longerons provided tank-to-wing mounting points and a load path forfhe 
slosh and gravity loads. 
The tank penetrations included a 2.5-in. (6.35-cm) diameter fill line and 
a 1-in. (2.54-cm) vent line. A vent cup provided entrance to the vent line 
within the tank. Within the vent cup, a number of baffles with offset holes 
acted as a liquid-vapor separator during attempts at zero-ullage fills. Both 
the fill and the vent lines penetrated the tank skins at the tank centerline 
through the apex of the dome. The fill line was curved down to within 0.5 in. 
t 
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Figure 3.- Test Schematic for Tests I t h r o u g h  37 
Figure 4.- Test Schematic for Tests 38 through 49 

(1.27 cm) of the bottom of the tank to limit turbulence during filling. The 
vent line curved up into a vent cup that extended outside the basic inside skin 
line of the tank. Three instrumentation probe penetrations were located along 
the top centerline of the tank. Two of the penetrations were through 1-in. 
(2.54-cm) AN tubing bosses welded to the tank skin. The third was through a 
port that was flanged larger in diameter to provide clearance for the slosh 
sensors. A typical instrumentation probe installation is shown in figure 6, 
Note the vent line extending into the vent cup in the upper portion of the 
tank. 
The tank had 1.25 in. (e.18 cm) of Cerafelt insulation. There were four 
layers each 0.25 in. (.635 cm) thick and two layers each 0.125 in. (0.318 cm) 
thick. Each layer was separated by a layer of aluminum foil, and the outer 
covering of foil was painted black. The black surface served a twofold purpose: 
it increased absorptivity and thus decreased the power requirement to the IR 
lamps, and provided a surface with stable thermal characteristics from test 
to test. Figure 7 shows the tank insulation being applied and figure 8 shows 
the insulated tank after painting. 
The standpipe (fig. 9) was a spherical stainless steel vessel 14 in. 
(36.6 cm) in diameter. It was supported by circular sheets of Micarta and 
mounted on a framework that fit within the simulated wing section. The line 
from the main tank was connected to the bottom of the sphere and the flanged 
outlet on the top was used for a vent gas outlet and an instrumentation port. 
The connecting line had two flexible line sections and three elbows with 
a total length of 5 feet. Liquid temperature instrumentation ports were provided 
in each elbow. The insulation of the line was similar to that used on the tanks. 
b. Low-pressure tank, baffled configuration.- This tank was similar in 
design and construction to the main tank with the standpipe configuration, but 
a standpipe was not used and internal baffles were incorporated (fig. 10). A 
baffle 0.035 in. (0.89 cm) thick was welded into the tank within each ring 
section and penetrated by a standpipe-type connecting line for communication 
between compartments. Figure 11 shows a ring section with baffle and line 
installed. The lines used to fill and vent the tank were identical to those 
used on the standpipe configuration. 
Instrumentation penetrations were located in each compartment, and the 
mounting was as shown by figure 11. The tank insulation was identical to that 
used on the standpipe configuration. 
c. Low-pressure tank, foam-filled configuration.- This tank was also simi- 
lar in design and construction to the main tank portion of the standpipe config- 
uration. The primary difference involved the filling of the tank with open- 
celled polyurethane foam, a material that is completely compatible with liquid 
methane. Ciruclar foam disks were cut from 1-in. (2.54-cm) thick material and 
packed into the cylindrical portion of the tank. The foam sections used to fill 
the dome are shown in figure 12. A slice approximately 1 in. (2.54 cm) deep was 

Figure 8. - Insulated Tank After Painting 
Figure 9. - Standpipe 

Figure 12. - Foam Sections Used to Fi l l  Dome 
Figure 13. - Foam-Packed Tank Before Making Final Weld 
taken off the top and bottom of each disk to provide gas and liquid channels 
during loading. Figure 13 shows the foam-packed tank before the final weld was 
made. 
To prevent burning the foam while making the final weld, dry ice was packed 
between the two foam layers nearest the weld. This kept the foam separated 
from the weld area and held down the internal temperature in the area of the 
weld. The degree of success of this technique will only be determined when the 
tank is disassembled. 
The tank penetrations for filling, venting, and instrumentation probes were 
similar to those used in the main tank of standpipe configuration, as was the 
method used to insulate the tank. 
d. High-pressure tank.- This tank was similar in design and construction 
to the main tank portion of the standpipe configuration, except that it was 
designed and hydrostated for a higher operating pressure. Because it was 
intended to act as a receiver vessel during the fuel-transfer tests, it had to 
withstand pump heads above the level in the low-pressure tank. The design 
operating pressure for the high-pressure tank was 50 psig (34.5 ~/cm~), which 
required a wall thickness of 0.035 in. (0.089 cm). 
Both the thickness of the insulation and the tank penetrations for filling, 
draining and instrumentation were similar to those used for the standpipe con- 
figuration. 
2. Wing Section Design 
The wing section was designed to provide structural support for the test 
tanks and to provide a representative heat path to the tanks. Since some of 
the structure was to be exposed to low temperatures, the basic framework has 
stainless steel. Figure 14 shows two of the four tank bays before the skin was 
installed. As shown, most of the basic structure consisted of steel angles 
welded into truss sections. The between-tank bulkheads were of stainless steel 
sheet welded to the truss sections. 
The assembled truss structure was mounted on four pin-ended vertical legs 
to a base structure on the floor of the test cell. Figure 15 shows one of the 
vertical leg mounts, the hydraulic actuator used to produce slosh loads along 
the axis of the tank, and the tank-mounting clips within the wing structure. 
Structural steel sheet used to cover the wing section structure was painted 
black to increase absorptivity. Most skin sections were welded to the basic 
structure, but the top sections were bolted so the tanks could be installed 
and removed. 
3. Liquid and Gas Supply Systems 
Figure 16 shows the system used to supply the gaseous and liquid methane 
to the test fixture. The liquid methane was supplied from a 600-gallon (2.27 m3) 
dewar which was resupplied between tests from a 4000-gallon (15.14 m3) mobile 
Figure 14. - Basic S t ruc tu re  of Tank Bays 
Figure 15.- Assembled Truss S t ruc tu re  in Test Cell 
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Figure 16.- Storage System for Liquid and Gaseous Methane 
Figure 17.- Plumbing Used to Fill Tanks with Liquid Methane in 
Tests I through 37 
methane dewar. Both dewars were separated from t h e  t e s t  f i x t u r e  by a  concrete  
b l a s t  wal l .  Liquid ni t rogen,  when required, was suppl ied from a 600-gallon 
(2.27 m3) dewar. A l l  plumbing l i nes ,  f i t t i n g s ,  valves,  and meters were made of 
s t a i n l e s s  s t e e l .  The l i q u i d  f i l l  l i n e  from the  supply dewar t o  t he  tank f i l l  
valves was not  i n su la t ed .  An ana lys i s  ind ica ted  t h a t  t h e  hea t  l o s t  t o  t he  flow- 
ing l i q u i d  due t o  i n s u l a t i o n  cooldown would be g r e a t e r  than the  environmental 
hea t  l o s s  because of t h e  s h o r t  flow times involved. Figure 17 shows the  plumb- 
ing conf igura t ion  used t o  f i l l  t h e  tanks with l i q u i d  methane i n  the  f i r s t  37 t e s t s .  
The va lve  bodies were thermally i s o l a t e d  from t h e  c e l l  s t r u c t u r e  by Micarta 
support blocks. The l i n e s  from t h e  f i l l  valves t o  the  tanks were f l e x i b l e  
s t a i n l e s s  s t e e l  hoses, which were in su la t ed  with polyurethane foam. These f l e x -  
i b l e  s ec t ions  were used t o  al low f o r  up t o  2 inches (5.08 cm) double amplitude 
movement of t he  wing during s l o s h  loading. 
The vent  end systems were s imi l a r ,  although the  f l e x i b l e  vent  hoses from 
the  tanks t o  t he  vent  valves were not i n su la t ed .  The p re s su r i za t ion  gas was 
e i t h e r  methane o r  ni t rogen.  The methane was s to red  i n  a  tube bank t r a i l e r  on 
the  other  s i d e  of t he  b l a s t  w a l l ,  and the  n i t rogen  was suppl ied d i r e c t l y  from 
f a c i l i t y  supply l i n e s .  With the  except ion of t h e  dewar l i q u i d  supply va lve  and 
t h e  pressurant  supply valve and regula tor ,  a l l  valves were remote operat ing 
valves wi th  l i m i t  switches f o r  remote monitoring of proper operat ion.  
4. Fuel  Transfer  System 
The tank-to-tank f u e l  t r a n s f e r  system t o  pump l i q u i d  methane from the  low- 
pressure tank t o  the  high-pressure tank cons is ted  of a  pump, l i q u i d  flowmeter, 
and a p a r a l l e l  arrangement of a n  o r i f i c e  and flow con t ro l  valve.  The system 
i s  shown schematical ly  i n  f i gu re  3. 
The pump was mounted on the  t e s t  c e l l  f l o o r  ou t s ide  the  tanks and wing 
s e c t i o n  a s  p ic tured  i n  figure 17. It was a  s i n g l e  s t age  c e n t r i f u g a l  model 
designed s p e c i a l l y  f o r  low NPSH opera t ion  with cryogens. The minimum NPSH was 
4.5 f e e t  (1.4 m) of l i q u i d  methane a t  t h e  r a t e d  maximum flow of 100 gal lmin 
(6309 cc / sec ) .  More d e t a i l e d  pump s p e c i f i c a t i o n s  a r e  contained i n  t a b l e  2. 
The o r i f i c e  was s i zed  t o  g ive  maximum r a t e d  flow with the  flow con t ro l  
va lve  completely open. Thus, pumping r a t e s  could be va r i ed  from the  minimum 
valve through t h e  o r i f i c e  alone t o  f u l l  capaci ty.  
TABLE 2 
PUMP SPEC IF ICAT IONS 
Type . . . . . . . . . . . . . . . . . . . .  
Drive . . . . . . . . . . . . . . .  
-Direct 
. . . . . . . . . . .  I n l e t  Diameter ( i n . )  
. . . . . . . . . .  Outlet  Diameter ( i n . ) .  
. . . . .  Maximum Impeller Diameter ( i n . ) .  
. . . . . . .  Maximum Flowrate (gal .  /min. ) 
. . . . . . . .  Maximum Dynamic Head ( f t . )  
. . . . . . . . . . . .  Maximum Speed (RPM) 
Minimum NPSH ( f t .  water) . . . . . . . . .  
Single  Stage Cent r i fuga l  . . .  
Coupled t o  5 HP E l e c t r i c  Motor 
. . . . . . . . . . . . .  2.5 
. . . . . . . . . . . . .  1.5 
. . . . .  . - .  . . . . . .  6.0 
. . . . . . . . . . . .  100.0 
. . . . . . . . . . . .  140.0 
. . . . . . . . . . .  3550.0 
. . . . . . . . . . . . .  4.5  
5. Slosh System 
This system consisted of a hydraulic piston actuator connected to the 
liquid fill end of the wing structure. Tkhydraulic actuator was capable of 
inducing slosh amplitides up to 2 in. (5.08 cm) double amplitude. A low- 
frequency function generator was used to drive the hydraulic pump and switching 
system. The 3000-psi (2068 ~ / c m ~ )  pressure provided accelerations up to 2.5 g 
(24.5 m/sec2) on the 4000-lb a814 kg) wing assembly. 
6. Heating System 
To simulate the wing heating rates experienced in supersonic flight, 440 
quartz lamps were mounted in reflector pans above and below the wing skin. 
This system (fig. 18) provided 120 ~tu/ft*-hr (378 w/m2) of heat to the outer 
skin of the wing. The system was driven by a solid-state ignition system to a 
peak power of 200 W per lamp. The total system power used was 88 kW. 
Due to the size of the test fixure, difficulty of installing new lamps, 
and duration of the test program, it was necessary to minimize the common problen 
of lamp failures. This was achieved through a novel lamp holding device shown 
in figure 19. Most lamp failures occur due to overheating the lamp ends. This 
lamp holding device overcomes the problem by heat sinking the lamp ends to a 
small cooling fin located on the outside of reflector pans. 
7. Wing Cavity Purge 
A separate gaseous system, incorporating a shutoff valve and a regulator, 
was attached to the wing section. This system provided a manifold in each of 
the four wing bays to maintain a dry nitrogen atmosphere around the tanks dur- 
ing testing. Had the wing section not been completely airtight, the cooling 
down of the cavity gas would have caused air to be pumped into the wing. Thus, 
the moisture contained in the air would have been frozen out in the tank insu- 
lation. Over a number of cooldown cycles, the insulation would have become 
saturated with water, and the thermal conductivity would have increased sub- 
stantially. 
8. Instrumentat ion 
In line with the objectives of the program, obtaining as much test data as 
possible was of paramount importance. A second consideration, however, was the 
acquisition, handling, and final presentation of these data at a reasonable 
cost. The complete system used for the program made this possible. This sys- 
tem is described in the following paragraphs. 
a. Tank instrumentation.- As each of the four test tanks was fabricated a 
--- 
considerable number of instrumentation sensors was installed. In general, the 
temperature measurements were of primary importance. The various types of sensol 


included thermocouples, platinum thermometers, carbon sensors to detect the level 
of the liquid, and nichrome wire slosh sensors. The temperature and level of 
the liquid and the slosh conditions were measured by instrumentation probes in- 
serted through bosses on the centerline of the tank top. Figure 20 shows several 
probes during fabrication. 
Table 3 lists the instrumentation used on the standpipe tank and gives its 
general location on the tank. Figure 21 shows the actual location of the stand- 
pipe tank instrumentation. The high-pressure tank and the foam tank were 
instrumented in a similar manner except they contained no slosh sensors. The 
baffled-tank instrumentation differed because of the various compartments, and 
is pictured in figure 22. 
For the last 12 tests, the instrumentation in the standpipe tank was 
changed slightly. Nichrome wire sensors were used in place of carbon level 
sensors, and were placed at the 7, 47, 53, 75, and 90% levels. 
b. Wing section instrumentation.- To complete the tank heattransfer pic- 
ture, a number of thermocouples were attached to the wing structure. Four 
thermocouples were mounted on the center of the between-tank bulkheads; eight 
thermocouples were mounted on the upper and lower wing skins. A chromel/alumel 
thermocouple was also mounted on the upper wing skin to act as a control for 
the wing heater system. 
c. Gas and liquid system instrumentation.- A number of instrumentation 
sensors were also provided in the liquid and gas systems outside the tank. 
Tank pressure transducers were mounted on the vent 'lines and were the only in- 
strumentation sensors for tank measurements that were not mounted directly on 
the tanks. Four venturi-type flowmeters were mounted in the fluid transfer sys- 
tems. One was used to measure liquid flow through the pump, two were used to 
measure vent gas flows from the center bay tanks, and one was used to meas- 
ure pressurant gas flowing into the low-pressure test tank. Each flowmeter had 
an inlet pressure and AP pressure transducer, along with a thermocouple to meas- 
ure fluid temperature. A pump case thermocouple was used to monitor pump cool- 
down before pumping began. 
d. Data collection and recording.- Through a variety of standard ampli- 
fiers and power supplies, the signals from the sensors were conditioned to 
provide an analog voltage output in the range of k64 mV. These signals were 
then input to an IEC Subscriber Station (fig. 23 and table 4), which had a 100- 
channel, low-level analog input capability, a PCM output of 312 twenty-bit 
words, and a multiplexing and transmitting capability. This low-level, analog- 
to-digital acquisition system is transportable to permit the input of data in 
remote laboratories. 
A permanent hard-wired link was used to transmit the data from the 501 unit 
to a central data recording station. At the station, the signal was input to a 
Lear-Seigler 670A telemetry processor (fig. 24 and 25, and table 5), which had 
a data-rate capability of 1 channel at 0.8 to 1 250 000 bits per sec of serial 
PCM data, or 14 channels at a maximum rate equal to 1.251~ (N = number of data 




Figure 24. - 670A Telemetry Processor 

TABLE 3. - STANDPIPE TANK SENSORS 
Type of sensor 
Thermocouple 
chrome11 
constantan 
Pl atinum 
thermometer 
Carbon level 
sensors 
Nicrome wire 
slosh sensors 
Location 
On a ver t ica l  probe a t  
s i x  levels  in  the tank 
Seven on the tank skin 
top,  s i d e ,  bottom, 
dome end, e t c  
Twelve on the radiation 
shie lds  in the three 
layers of tank insula- 
t ion  -- inner layer ,  
middle layer ,  and 
outer layer  
On a ver t ica l  probe a t  
f i v e  levels  in  the 
tank 
A t  the tank i n l e t  and 
i n  the vent cup 
Three in the l i n e  from 
the  vent cup t o  the 
standpipe 
A t  the i n l e t  and a t  
three levels  in  the 
standpipe 
A t  the 5%,  50%, 75%, 
and 90% volume levels  
in  the main tank 
A t  the 25% and 50% 
1 eve1 s in the standpipe 
Two j u s t  above the  75% 
level and two above the 
90% level in  the tank 
Purpose 
To measure the temperature of the gas 
and of the l iqu id  i n  the tank 
To measure the temperature of the skin 
on the tank 
To obtain the temperature d i s t r ibu t ion  
across the insula t ion in  order to  
ca lcula te  the  heat loss  
' To accurately measure the temperature 
of the  l iqu id  in  the tank 
To accurately measure the temperature 
of the l iqu id  a t  the i n l e t  and the 
temperature of the gas and of the 
l iqu id  a t  the o u t l e t  
To measure the  temperature of the 
l iqu id  as i t  passes between the two 
tanks 
To measure the  temperature variat ion 
of the  l iqu id  in  the standpipe 
To determine the  level  of the l iqu id  
To determine the level of the l iqu id  
To detec t  the presence of slosh waves 
in  the tank 
TABLE 4.- TECHNICAL SPECIFICATIONS FOR 501 DATA SYSTEM 
Data input cha rac te r i s t i c s  
. . . . . . . . . .  Type of inputs Analog, d i f f e r n t i a l  . shielded 
Input amplitude . . . . . . . . .  4,  8 ,  16, 32, 64 mV,  f u l l - sca le  
. . . . . . . . .  Number of inputs 100, expandable t o  250 
. . . . . . . .  Common-mode input 10 V peak, dc t o  60 Hz 
. . . . . . . . .  Source impedance Less than 1000 ohm 
. . . . . .  Common-mode re jec t ion 100 dB, dc through 60 Hz 
Sampling r a t e  . . . . . . . . . . . .  1.25, 2.5, 5 ,  10, o r  20 kHz steady- 
s t a t e  
Output cha rac te r i s t i c s  
Type of output . . . . . . . . . .  
Arnpli tude out of data 
l ink  l i n e  d r ive r  . . . . . . . .  
Amplitude out of data 
l i n k  receiver  . . . . . . . . .  
Frame length . . . . . . . . . . .  
Frame content . . . . . . . . . .  
Word length . . . . . . . . . .  
PCM format, biphase-M (Manchester 1 )  
Approximately 16 V ,  peak-to-peak 
1 V ,  rms 
312 words 
Frame synchronization word, information 
word, 10 ca l ib ra t ion  words, and 300 
data words 
20 b i t s  
Environmental cha rac te r i s t i  cs 
Temperature . . . . . . . . . . .  0 t o  50,"C 
. . . . . . . .  Pressure a l t i t u d e  Up to 10 000 f t  
Humidity . . . . . . . . . . . . .  0 t o  90% without condensation 
Power requirements . . . . . . . . . .  115 V ac + lo%, 60 a 2 Hz 5A 
Size 
Main cabinet  . . . . . . . . . . .  22-1/16 i n .  wide x 25-1/2 i n .  deep x 
54-7/6 in .  high 
Receiver enclosure . . . . . . . .  8 in .  wide x 8 in.  high x 4 i n .  deep 
Mu1 t i p l e x e r  subsystem cha rac te r i s t i c s  
Accuracy . . . . . . . . . . . . .  +0.05% of f u l l  s ea le  
Crosstalk . . . . . . . . . . . .  +0.02% 
Manual gain se l ec t ion  . . . . . .  2000, 1000, 500, 250, 125 
Programmable gain se l ec t ion  . . .  2000, 500, 125 by groups of 10 channels 
Automatic gain se lec t ion . . . . .  2000, 500, 125 
Gain s t a b i l i t y  . . . . . . . . . .  0.05% in  200 hr 
Anal og-to-di gi t a l  converter cha rac te r i s t i  cs 
Input range . . . . . . . . . . .  k8.192 V ,  f u l l - sca le  
B i t  weighting . . . . . . . . . .  4 mV per b i t  
Input impedance . . . . . . . . .  100 megohm, minimum 
Resolution . . . . . . . . . . . .  12 b i t s  (11 b i t s  and s ign)  
. . . . . . . . . . .  Output code Negative number ( two 's  complement) 
11 11 
. . . . .  Digital input and output 1 = 4.5 + 0.5, "0" = 0 + 0.5 V 
Digit izing accuracy . . . . . . .  +0.05% of f u l l  s ca le  + 1/2 LSB 
-- 
TABLE 5.- TECHNICAL S P E C I F I C A T I O N S  FOR LEAR-SIEGLER 670A 
TELEMETRY PROCESS OF 
Input power . . . . . . . . . . . . . .  115 V + 10% a t  45 t o  400 cps s ing le  
phase, 50 A 
Power consumption . . . . . . . . . . .  4 kW 
Data input cha rac te r i s t i c s  
. . . . . . . . . .  Types of input Ser ia l  or  pa ra l l e l  
Serial  data . . . . . . . . . . . .  PCM NRZ-S data accom~anied data input 
clock 
Data r a t e  . . . . . . . . . . .  1 channel a t  0.8 t o  1 250 000 b i t s  per 
sec .  
Word length . . . . . . . . . .  From 1 t o  64 b i t s ,  variable from word 
t o  word 
Data alignment . . . . . . . .  MSB o r  LSB, o r  mixed MSB and LSB words 
Para l le l  data . . . . . . . . . . .  PCM NRZ-S data accompanied by data 
t r a n s f e r  pulse 
Data r a t e  . . . . . . . . . . .  14 data channels a t  a maximum r a t e  
equal t o  1.25/N, where N = number of 
data channels 
Word length . . . . . . . . . .  From 1 t o  64 b i t s ,  variable from word 
t o  word 
Data alignment . . . . . . . .  MSB or  LSB 
Data output cha rac te r i s t i c s  
Type of output . . . . . . . . . .  Para l le l  
. . . . . . . . . . . . .  Data r a t e  500 000 words per sec ,  maximum 
Word length . . . . . . . . . . . .  From 1 t o  64 b i t s ,  variable from word 
t o  word 
Data iden t i f i ca t ion  . . . . . . . .  A unique l l - b i t  I.D. code f o r  each ,main 
frame and subframe word 
Data use code . . . . . . . . . . .  Provides f o r  addressing up t o  63 (511 
optional ) output peripheral devices . 
Any data channel may be addressed t o  
any one of the 63 output devices 
Core memory charac te r i s t i c s  . . . . . .  Coincident-current s torage element 
Capacity . . . . . . . . . . . . .  4096 36-bit words. Each word has three 
12-bi t addressable f i e l d s  
Function modes . . . . . . . . . .  Operate (automatic) , manual , or  external  
. . . . . . . . . . .  Access modes Random or sequential address 
Address modes . . . . . . . . . . .  Di r e ~ t - a d d r e s s  , i  ndi rect-address , re1 a- 
t i  ve address, o r  no-address 
Operating modes . . . . . . . . . .  Full cycle ( c l ea r lwr i t e  and read l res to re ) .  
Modify cycle (readlmodify and r e s t o r e )  
. . . . . . . . . . . .  Cycle times Full cycle,  2 usec 
Read only, 1.2 usec 
Modify and r e s t o r e ,  variable 
Data access,  0.85 psec 
TABLE 5. - TECHNl CAL SPEC1 F l  CAT1 ONS FOR LEAR-SEI GLER 670A 
TELEMETRY PROCESSOR - Concluded 
Operati on times 
(minimum including access ) 
. . . . . . . . .  Addlsubtract 2 psec 
. . . . . . . . . . .  Mu1 t i  ply 17 psec 
Logi cal ( O R ,  A N D ,  excl usi ve 
. . . . . . . . . . . . .  O R )  2 psec 
. . . . . . . . .  Data t r ans fe r  2 + 0.2 N psec, where N = bits/word 
Environmental charac ter is  t i  cs 
Temperature 
. . . . . . . . . . .  Operating 50 t o  100°F (operating time above 100°F 
l imited t o  4 hr) 
. . . . . . . . .  Nonoperating 40 t o  150°F 
Relative humidity . . . . . . . . .  95% maximum 
Air conditioning . . . . . . . . .  Refrigerat ion,  1 ton 
. . . . . . . . . . . . . .  Dimensions 76 i n .  high x 48 i n .  wide x 32 i n .  deep 
Input/output un i t  cha rac te r i s t i c s  
High-speed paper tape reader,  
. . . . . . . . . .  8-1 eve1 
Paper t a ~ e  punch ( o ~ t i o n a l )  . 
. . . .  Typewriter (optional 
Bit  synchronizer (optional ) . 
Paper tape reader 
. . . . . . . .  (optional ) 
PCM simulators (optional . . 
Digital-to-analog converter 
. . . . . . . .  (optional 
PAM/PDM-to-PCM converter 
. . . . . . . .  (optional ) 
Magnetic tape formatters . . 
General-purpose computers . . 
300 characters  per sec 
50 characters  per sec 
15.5 characters  per sec  
1 250 000 b i t s  per sec  
50 characters  per sec 
8- or  10-bi t conversion 
Systems presently operating w i  t h  IBM, 
such as Mod 11, IBM Mod IV Ampex TM3, 
and Ampex TM7 
Systems presently operating with CDC 
160A, IBM 1800, and SDS Sigma 11 
channels) of parallel data. The main frame has 4096 36-bit words of core mem- 
ory, and the formatter has 1024 18-bit words of core memory. After the PCM 
signal was decoded and conditioned to provide a binary digital output from the 
670A unit, the output was recorded on a 7-track tape unit. These tapes were 
input to the CDC 640016500 computer along with the plot computer program. 
The computer program: 
1) Averages the data samples for each data channel over any specified 
time increment; 
2) Skips any specified time increment between averages; 
3) Compares each individual data point with the average and omits 
any point that differs from the average by more than a preselected 
amount. If a point is omitted, the remaining points are again 
averaged. This portion of the program is used to aliminate extra- 
neous noise on the data signal whenever the noise affects less than 
half the data smaples; 
4) Converts each of the averaged data points (in mV) to a temperature, 
pressure, liquid level, or flowrate of gas or liquid; 
5) Plots as many as five channels per plot against a preselected time 
scale on a continuous roll of photosensitive paper. Plot titles, 
data point identification, annotations, and ordinate and abscissa 
nomenclature are printed on each plot. In addition, each plot is 
placed on microfilm; 
6) Stores the averaged data points of Item 3 above on magnetic tape. 
Data points may be replotted at any time with changes of scale, if required. 
This allows any section of the plot to be expanded for closer investigation. 
9. Standpipe Tank Sampling System 
For three of the last 12 tests, the 1iqui.d methane was pressurized with 
gaseous nitrogen and the nitrogen solubility was determined. To do this, a liquid 
sampling system was added to the standpipe tank. The system consisted of a 0.125- 
in. (0.318 cm) diameter stainless steel tube running from the 50% level in the 
standpipe tank to a manifold outside the cell wall. Ten evacuated sampling 
cylinders were attached to the manifold. When a sample was required, the mani- 
fold and tubing were bled down and a sample cylinder was filled. The samples 
were analyzed on a Perkin-Elmer gas chromatograph. 
B. CHECKOUT 
As a prelude to the systems tests using liquid methane, a number of compo- 
nent, subsystem, and system checkouts were made. Three of the tanks were 
loaded and exposed to a water-filled hydrostatic test at 1.5 times the maximum 
operating pressure. This test was made after welding but before the insulation 
was installed. The foam-filled tank was omitted from this step to avoid the 
problem of drying the tank after the test. Afterward, each tank underwent a 
helium mass spectrometer leak check, with again, an exception made in the case 
of the foam tank. 
Next, 7000 lb. (3175 kg) of lead weights were loaded into the wing, and the 
slosh system was activated to proof-load the wing structure. Then, after they 
were insulated and installed in the wing section, the three hydrostated tanks 
were filled with water and pressurized to operating pressure. The wing slosh 
system was activated on a one-g proof load test was made to prove the struc- 
tural integrity of the tank mounts and tanks under axial loading. 
After the foam-filled tank was installed in the wing all the tanks were 
loaded with liquid nitrogen and pressurized to 1.5 times the maximum operating 
pressure. A final check was made by pressurizing all four tanks to the operat- 
ing pressure with methane gas and checking for leaks with a portable methane 
detector. 
The gaseous and liquid plumbing systems were pressurized to operating pres- 
sure using gaseous nitrogen and a bubble type leak check was made. Before 
making any tests, a final leak check was made with gaseous methane and the meth- 
ane detector. 
A complete system cold checkout was conducted using liquid nitrogen. Dur- 
ing this series of checks, all operations which were to be done with liquid 
methane were done with liquid nitrogen, even to operating the cryogenic pump. 
A high degree of confidence in system integrity and operation was now at- 
tained and the system was ready for liquid methane testing. 
V. TEST PROGRAM 
A comprehensive test program was designed and carried out to evaluate the 
problems involved in handling a cryogenic fuel under flight conditions. The 
original program consisted of 37 tests covering five basic areas of operation: 
1. Fuel loading 
2. Ground hold and taxi 
3. Heat transfer 
4. Fuel transfer 
5. Flight simulation 
Except for the fuel loading tests, all four tank configurations were evaluated 
in each phase of testing. Fuel loading tests were limited to the standpipe 
tank configuration since all other configurations should pose fewer problems. 
Upon evaluation of the data from the first 37 tests it was decided that 
further loading tests and flight simulation tests were required. A second 
series of 12 tests were defined, with six tests directed toward series tank 
loading as apposed to the parallel loading used in the first tests, and six 
additional flight simulation tests using both methane and nitrogen as pressurant 
gases. 
Table 6 gives a complete summary of the total test program. The table lists 
the test numbers related to each tank in every phase of testing as well as indi- 
cating the environmental conditions. 
In the following sections a brief objective of each phase of testing is 
presented. A detailed test description is given along with typical pertinent 
data from the tests. Each section is concluded with a summary of the results 
for that phase of testing. 
A. LOADING TESTS 
All loading tests were conducted using the standpipe tank configuration. 
The major objectives of these tests were to obtain maximum bulk subcooling and 
to completely fill the standpipe tank. This test series involved twelve sepa- 
rate tests on the standpipe tank configuration. Tests 1 through 3 involved 
loading a tank which was initially at ambient temperature; tests 4 through 6 
involved parallel loading a precooled tank. The test conditions simulated actual 
aircraft conditions; i.e., the wing tanks could be completely empty and be 
warmed up to ambient temperature or could contain a small amount of liquid from 
a previous flight. Tests 39 and 41 involved series loading of liquid methane 
while 38 and 40 served as a baseline case where liquid methane was loaded into 
a single ambient tank. Tests 40 and 41 had small quantities of helium gas 
added to the ullage at several times following loading. Tests 48 and 49 
involved loading liquid nitrogen. 
TABLE 6. - TEST PROGRAM MATRIX 
. . - . . . . . . . . . . .  . . . . .  -- -- . - .- - 
Hold and Taxi  Heat Transfer  Fuel Trans fe r  F l igh t  Simulat ion 
- 
......... 
....-. .................. .. .. 
17 
, 
24 
- -  
. .  
. . 
28 29 30 31 32 
. .....-..... . 
- 
34 35 36 37 33 
ethane Methane Nitrogen Nitrogen Methane Methane Methane Methane Methane Methane blethane ' tfethane ~ e t h ~ ~ ~  Methane Methane Methane Methane 
-..... .- 
Pressuran t  Me thane Methane Methane Nitrogen 
. -- . .... .- - ............... ... 
-100% --100% 
-1007. -100% 
.......................... 
-324 '~  -324 '~  
- 2 3 7 ' ~  - 2 3 7 ' ~  -237OF 
F l i g h t  , P l i g h t  F l i g h t  F l i g h t  F l i g h t  
P r o f i l e  P r o f i l e  P r o f i l e  P r o f i l e  
...... ..... 
Lock up a t  36i Lock up a t  36 Lock up a t  36 Maintain a t  Maintain a t  1 36 p s i a  36 p s i a  p s i a ,  v e n t  a t !  ps i a ,  vent  a t  p s i a ,  ven t  s t  36 ps ia  36 p s i a  
' 
maximum maximum 62 p s i s  62 p s i a  62 p s i a  
Maintain a t  Maintain a t  
Vent Vent 36 p s i a  36 p s i a  
-- - - -- . .- 
Continuous Vio len t  Continuous Vio len t  s l o s h  Continuous Continuous 
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s losh ing  f o r  30 s losh ing  dur ing  ascen t  s losh ing  s losh ing  
None None seconds None and descen t  
when t h e  when LPT 
high p ressu re  r eaches  
one hour s t a r t  p ressu re  19.4 p s i a  tank i s  75% 
f u l l  
.. ..... ...-.... - .- .- -- 
t S e r i e s  Ambient S e r i e s  - ~ ~ 
,Pump f u e l  Pump f u e l  Pump f u e l  Drain back LPT t o  Drain back LPT t o  Drain back LPT Drain back LPT Drain back LPT 
i n j ec ted  i n t o  u l l age  Miscel laneous equ i l ib r ium equ i l ib r ium equ i l ib r ium 
i n t o  u l l a g e  4  times 
4  times a f t e r  
l e v e l  on Run 46 
t o  t e s t  f o r  GN2 
s o l u b i l i t y  
1. Test Descriptions and Data 
a. Test 1.- During Test 1, the standpipe tank was pressurized with methane 
gas to 36 psia (24.8 bJ/cm2) from the tank vent valve to the liquid methane sup- 
ply valve. All intermediate valves were open. The supply dewar system was 
pressurized to 40 psia (27.6 N/cm2) up to the liquid methane supply valve to 
provide a transfer pressure of 4 psi (2.76 N/cm2). Before being pressurized, 
the dewar system had been vented long enough to provide liquid saturated at 
ambient pressure, which was approximately 12 psia (8.27 N/cm2). The test was 
started by opening the liquid methane supply valve to initiate the transfer. 
The dewar pressurization control valve was operated manually to maintain the 
transfer pressure. 
Because the tank vent was closed, once the liquid methane supply valve was 
opened the pressure in the test tank rose to 40 psia (27.6 N/cm2). When the 
vent valve was opened, the tank pressure dropped rapidly, and befare the valve 
could be reclosed the pressure had dropped below 36 psia (24.8 N/cm2). This 
method of attempting to maintain a constant tank pressure caused the tank pres- 
sure to cycle around the required pressure. 
Figure 26 shows the tank pressure during the test. Figures 27 and 28 show 
the temperature of the liquid in the main tank and standpipe, respectively. 
The tank pressure was maintained near 36 psia (24.8 N/cm2) throughout the test, 
except for a short period before any liquid was collected in the tank and again 
after the liquid methane was drained back to the dewar. 
Figure 28 shows the temperature of the incoming liquid at the tank inlet. 
Note that, after fill system cooldown, this temperature stabilized at -2520F 
(-157.8'~). Immediately after filling, the temperature of the liquid in 
the main tank ranged from -2490F (- 156. 1°C) at the tank bottom to -240°F 
(151.1°c) at the tank top. This stratification of 9F0 (5C0), however, did not 
vary linearly from bottom to top since the 75% level temperature was -2460F 
(-154.4'~). Thus, two-thirds of the stratification was between the 75% level 
and tank top. 
The temperature of the liquid in the standpipe (fig. 28) was -237'~ 
(-149.4'~) af ter loading. The 50% level, or surface temperature, was at satu- 
ration temperature for the liquid throughout the test. If the temperature re- 
corded at the 50% liquid level is representative of the temperature of the bulk 
liquid in the main tank, then the subcooling from the standpipe to the main 
tank (fig. 26 and 27 is 10FO (5.6~~) after loading and 5F0 (2. 8C0) after the 
27 minute hold period. Hence, a bulk subcooled loading of about lOFO (5.6~') 
was attained. 
Figures 29 and 30 show the temperature distribution across the tank insula- 
tion at two places during the test. Note that the inner temperature in each 
case is essentially the temperature of the tank skin. Comparing the inner tem- 
perature on the two figures shows that the tank did not fill completely: the 
top-inner temperature reached only -210'~ (-134.4'~) but the side-inner tem- b perature reached the temperature of the liquid, -245 F (-153.g°C). The liquid 
was within 1 in. (2.54 cm) of the top, however, as measured by the respective 
platinum probe in Figure 27. 
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Figure 26. - Test Number I - Ambient Loading Tests, Methane 
Prepressurization: Pressure at Top of Standpipe Tank 
A t   to^ o f  tank 
Time, sec 
F igure 27.- Test Number  I - Ambient Loading Tests, Methane 
Prepressurization: Temperature of Liquid in Standpipe 
Tank 
0 720 1440 2160 2880 3600 
Time, sec 
Figure 28. - Test Number I - Ambient Loading Tests, Methane 
Prepressurization: Temperature o f  L iquid in Standpipe 
and at I n l e t  of Standpipe Tank 
Time, sec 
F igure 29. - Test Number I - Ambient Loading Tests, Methane 
Prepressurizat ion: Temperature of Insu la t ion  at Top 
o f  Standpipe Tank 
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Figure 30. - Test Number I - Ambient Loading Tests, Methane 
Prepressurization: Temperature of Insulation on Side of 
Standpipe Tank 
Figure 31 shows the pressurization rate to the standpipe tank. As can be 
seen, no pressurant gas was required at any time. Figure 32 shows the vent gas 
flowrate of the standpipe tank. 
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Figure 31. - Test Number I - Ambient Loading Tests, Methane 
Prepressurizat ion: Flowrate of Standpipe Tank 
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Figure 32.- Test Number I - Ambient Loading Tests, Methane 
Prepressurization: Flowrate of Standpipe Tank 
Vent Gas 
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b. Tes t  2.- T e s t  2  was conducted i n  much t h e  same manner a s  Tes t  1. How- 
ever ,  be fore  loading,  hel ium a t  3  p s i  (2.07 N/cm2) was added t o  t h e  t ank  t h a t  
i n i t i a l l y  conta ined methane a t  12 p s i a  (8.27 N/cm2). Afterward,  t h e  t e s t  t ank  
was p r e s s u r i z e d  t o  36 p s i a  (24.8 ~ / c r n ~ )  w i t h  methane. 
The loading t echn ique  used dur ing  Tes t  1 was repeated,  and we a t tempted t o  
2  hold  t h e  tank p r e s s u r e  a s  near  36 p s i a  (24.8 N/cm ) a s  p o s s i b l e .  As  i n  t h e  
f i r s t  t e s t ,  t h e  p r e s s u r e  i n  t h e  t e s t  t a n k  tended t o  r i s e  t o  t h a t  i n  t h e  supply 
dewar u n t i l  l i q u i d  began t o  c o l l e c t  i n  t h e  t e s t  tank, s o  we had t o  v e n t  t h e  gas 
i n  t h e  t e s t  t a n k  t o  main ta in  t h e  t r a n s f e r  p r e s s u r e  d i f f e r e n t i a l .  The s t a n d -  
p ipe  p r e s s u r e  is  shown i n  f i g u r e  33. 
As i n  T e s t  1, z e r o  u l l a g e  load ing  was n o t  a t t a i n e d  because t h e  temperature  
a t  t h e  t o p  of t h e  i n n e r  l a y e r  of i n s u l a t i o n  only reached -115OF (-81.7OC). 
During f i l l i n g ,  t h e  temperature  a t  t h e  t a n k  i n l e t  reached -2500F (-156. ~ O C ) .  
A f t e r  f i l l i n g ,  t h e  temperature  of t h e  l i q u i d  a t  t h e  bottom of t h e  main t a n k  
reached - 2 4 9 O ~  (-156.loC), bu t  t h a t  a t  t h e  50% l e v e l  was -2470F (-155.0°C), a s  
shown by f i g u r e  34. A f t e r  loading,  t h e  temperature  s t r a t i f i c a t i o n  of t h e  l i q -  
u i d  i n  t h e  t ank  was about  10FO (5. 6C0). 
As i n  t e s t  1, t h e  t ank  was vented dur ing  t h e  e n t i r e  f i l l  process  and t h e r e  
was no need f o r  p r e s s u r i z a t i o n  gas  ( f i g s .  35 and 3 6 ) .  
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Figure 33.- Test Number 2 - Ambient Loading Tests, 3-psi (2.07 
Nlcm2) Helium Prepressurization: Pressure at Top 
of the  Standpipe Tank 
Figure 34. - Test Number 2 - Ambient Loading Tests, 3-psi (2.07 
~ l c m 2 )  Helium Prepressurization: Temperature of 
Liquid i n  Standpipe Tank 
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Figure 35.- Test Number 2 - Ambient Loading Tests, 3-psi (2.07 
Nlcm2) Helium Prepressurization: Flowrate of 
Standpipe Tank Pressurization Gas 
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Figure 36. - Test Number 2 - Ambient Loading Tests, 3-psi (2.07 
~ l c m z )  Hel ium Prepressurizat ion: Flowrate of 
Standpipe Tank Vent Gas 
c. T e s t  3 . -  
zxcept  t h a t  a he  
methane p re load  
This t e s t  was similar t o  t h e  f i r s t  two ambient load ing  t e s t s .  
l ium p a r t i a l  p r e s s u r e  of 10 p s i  (6.89 N/cm2) was added t o  t h e  
t o  provide a t o t a l  p r e s s u r e  of 36 p s i a  (24.8 N/crn2). 
The d a t a  a c q u i s i t i o n  system was s h u t  down e a r l y  dur ing  t h e  t e s t ,  and we 
were unable  t o  determine t h e  temperature  a t  which t h e  l i q u i d  and gas s t a b i l i z e d  
a f t e r  loading.  However, t h e  p r e s s u r i z a t i o n  system behavior  was t h e  same as 
i n  t e s t s  1 and 2. 
d. T e s t  4.- This  t e s t  was t h e  f i r s t  i n  a s e r i e s  of t h r e e  t e s t s  invo lv ing  
t h e  f i l l i n g  of a precooled tank.  The s t a n d p i p e  t ank  had j u s t  been emptied be- 
f o r e  beginning t h e s e  t e s t s .  A f t e r  t h e  guard t anks  on each s i d e  of t h e  t e s t  
t a n k  were f i l l e d ,  t h e  t e s t  t a n k  was p r e s s u r i z e d  t o  36 p s i a  (24.8 N/crn2) b e f o r e  
being loaded. Tank p r e s s u r e  is shown i n  f i g u r e  3 7 .  
Figures  38 and 39 show t h e  temperatures  i n  t h e  main t ank  and i n  t h e  s t and-  
p ipe  dur ing  and a f t e r  loading.  As shown i n  f i g u r e  39, t h e  l i q u i d  e n t e r i n g  t h e  
t ank  dropped t o  -255OF (-159.4°C) dur ing  loading,  b u t  t h a t  i n  t h e  s t andp ipe  
reached -23g°F (-150.6OC) a f t e r  loading.  The temperature  s t r a t i f i c a t i o n  of t h e  
l i q u i d  i n  t h e  main t a n k  was 15FO (8.3Co) a f t e r  loading,  and v a r i e d  from -2540F 
(-158.90C) a t  t h e  bottom t o  -2390F (150.60C) a t  t h e  top .  
Using t h e  t empera tu re  a t  t h e  50% l e v e l  i n  t h e  main t a n k  a s  r e p r e s e n t a t i v e  
of t h e  temperature  of t h e  bu lk  l i q u i d  (-2530F) (-158.30C), t h e  amount of sub- 
coo l ing  between t h e  main t a n k  and t h e  s t a n d p i p e  w a s  14F0 (7.8OC) a f t e r  loading.  
The p r e s s u r i z a t i o n  and v e n t  f low r a t e s  a r e  shown i n  f i g u r e s  40 and 41. 
There was no p r e s s u r i z a t i o n  requirement throughout  t h e  load ing  procedure, a s  
i n d i c a t e d  by f i g u r e  40. 
Figure 37. - Test Number 4 - Cold Loading Tests, Methane Prepressurization: 
Pressure at Top of the Standpipe Tank 
~ i m e ,  sec 
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1. 
Figure 38. - Test Number 4 - Cold Loading Tests, .Methane Prepressurization: 
Temperature of Liquid i n  Standpipe Tank 
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Figure 39.- Test Number 4 - Cold Loading Tests, Methane Prepressurizat ion: 
Temperature of L iquid in Standpipe and at I n le t  of Standpipe 
Tank 
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Figure 40. - Test Number 4 - Cold Loading Tests, Methane Prepressurization: 
Flowrate of Standpipe Tank Vent Gas 
Figure 41. - Test Number 4 - Cold Loading Tests, Methane Prepressurizat ion: 
Flowrate of Standpipe Tank Pressur izat ion Gas 
e. T e s t  5.- I n  t h i s  t e s t ,  we had d i f f i c u l t y  ho ld ing  t h e  p r e s s u r e  c o n s t a n t  
i n  t h e  s t andp ipe  t ank  ( f i g .  42). 
F igures  43 and 44 show t h e  temperature  of t h e  l i q u i d  i n  t h e  main t a n k  and 
s tandp ipe .  During loading,  t h e  temperature  a t  t h e  t a n k  i n l e t  was -2540F 
(-158.90C). A f t e r  loading,  t h e  temperature  a t  t h e  bottom of t h e  main t ank  was 
-253.50F (-158.6OC). The temperature  s t r a t i f i c a t i o n  i n  t h e  main t a n k  a f t e r  
loading was lOF0 (5,6CO), bu t  t h e r e  was only a  4Fo ( 2 . 2 0 )  spread from t h e  
bottom t o  t h e  75% l e v e l .  
The temperature  of t h e  bu lk  l i q u i d ,  based on t h e  v a l u e  recorded a t  t h e  50% 
l e v e l ,  was -2530F (-158.3OC). Immediately a f t e r  loading,  t h e  l i q u i d  i n  t h e  
s t andp ipe  was a t  -246OF ( - 1 5 4 . 4 ' ~ ) ~  g i v i n g  a  main-tank subcool ing of 7F0 
(3.9C0), This  s t a n d p i p e  l i q u i d  temperature  w a s  s a t u r a t e d  w i t h  r e s p e c t  t o  t h e  
t a n k  p ressure ,  and followed t h e  t ank  p r e s s u r e  f o r  t h e  remainder of t h e  t e s t .  
The temperature  s t r a t i f i c a t i o n  i n  t h e  main t ank  decreased w i t h  time, and due 
t o  t h e  low tank  p ressures ,  subcool ing was l o s t  43  minutes i n t o  t h e  t e s t .  
This was t h e  f i r s t  t ime a p r e s s u r a n t  gas was r e q u i r e d  a s  shown i n  f i g u r e  45 
and t h i s  was a  ve ry  small amount. The p r e s s u r e  c o n t r o l  problem appeared t o  be 
a s s o c i a t e d  w i t h  t h e  supply dewar r a t h e r  t h a n  t h e  t e s t  t ank  thermodynamics. 
F igure  46 shows t h e  s t a n d p i p e  t ank  v e n t  r a t e  and f i g u r e  47 shows t h e  high-pres-  
u r e  t ank  v e n t  f lowra te .  
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Figure 42.- Test Number 5 - Cold Loading Tests, Methane Prepressurization 
Pressure at Top of Standpipe Tank 
Figure 43.- Test Number 5 - Cold Loading Tests, Methane Prepressurizat ion: 
Temperature of Liquid in Standpipe Tank 
Figure 44.- Test Number 5 - Cold Loading Tests, Methane Prepressurization: 
Temperature of L iquid in Standpipe 
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Figure 46.- Test Number 5 - Cold Loading Tests, Methane Prepressurizat ion: 
Flowrate of Standpipe Tank Vent Gas 
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Figure 47. - Test Number 5 - Cold Loading Tests, Methane Prepressurizat ion: 
Flowrate of High-Pressure Tank Vent Gas 
f .  T e s t  6.- The procedure f o r  t h i s  t e s t  w a s  t h e  same a s  used i n  T e s t s  4 
and 5. As shown i n  f i g u r e  48, t h e  t a n k  p r e s s u r e  remained near  36 p s i a  (24.8 ~ / c m ~ )  
throughout  t h e  loading.  
F i g u r e s  49 and 50 show t h e  temperatures  o f  t h e  l i q u i d  i n  t h e  main t ank  and 
i n  t h e  s t andp ipe .  The l i q u i d  e n t e r i n g  t h e  t a n k  was a t  -249.50F ( - 1 5 6 . 4 0 ~ ) ,  but  
t h a t  a t  t h e  bottom of t h e  main t a n k  was a t  -2490F (-156.loC). A f t e r  loading,  
t h e  t empera tu re  of t h e  l i q u i d  v a r i e d  11~' (6.1C0), mainly i n  t h e  r e g i o n  between 
t h e  75% and 100% l e v e l s ;  t h e  sp read  from t h e  bottom t o  t h e  75% l e v e l  was only 
2 ~ '  ( l . lCO) .  
A f t e r  loading,  t h e  average bu lk  temperature  i n  t h e  main t ank  was -248.5OF 
(-155.g°C) and t h e  temperature  of t h e  l i q u i d  i n  t h e  s t a n d p i p e  was -2380F 
(-150.0°c), which provided 10.5F0 (5.8Co) of subcool ing.  
F igures  5 1  and 52 show t h e  temperatures  a t  two p o i n t s  on t h e  i n s u l a t i o n  of 
t h e  tank.  The temperature  d i f f e r e n c e s  shown i n  t h e s e  two f i g u r e s  a g a i n  i n d i -  
c a t e  t h a t  t h e  t ank  was n o t  loaded t o  z e r o  u l l a g e  even though t h e  s t a n d p i p e  was 
f i l l e d .  The t empera tu re  a t  t h e  s ta r t  of t h e  t e s t  ( f i g .  52) shows t h e  precooled 
c o n d i t i o n  of t h e  s t a n d p i p e  tank. 
The gas  p r e s s u r a n t  f l o w r a t e s  and s t a n d p i p e  t ank  v e n t  f l o w r a t e  a r e  shown 
i n  f i g u r e s  53 and 54, whi le  t h e  h igh-pressure  t a n k  ven t  f l o w r a t e  i s  shown i n  
f i g u r e  55. Once again ,  t h e r e  was no p r e s s u r i z a t i o n  requirement  dur ing  loading.  
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Figure 48. - Test Number 6 - Cold Loading 'Tests, Methane Prepressurizat ion: 
Pressure at Top of Standpipe Tank 
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Figure 49. - Test Number 6 - Cold Loading Tests, Methane Prepressurization: 
Temperature of Liquid i n  Standpipe Tank 
Figure 50.- Test Number 6 - Cold Loading Tests, Methane Prepressurization: 
Temperature of L iquid in Standpipe and at I n le t  of Standpipe 
Tank 
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F igu re  52. - Test Number 6 - Cold Loading Tests, Methane Prepressurization: 
Temperature of I nsu la t i on  o n  Side of Standpipe Tank 
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Figure 55.- Test Number 6 - Cold Loading Tests. Methane Prepressurizat ion: 
Flowrate of High-Pressure Tank Vent Gas 
. T e s t  38.- During t h i s  t e s t ,  t h e  s t andp ipe  t a n k  was p r e s s u r i z e d  t o  36 
p s i a  q24.8 ~ / c m ~ )  w i t h  methane gas  throughout  t h e  load ing  and hold  per iod.  
Before s t a r t i n g  t h e  t e s t ,  t h e  s o u r c e  dewar was ven ted  long enough f o r  t h e  l i q u i d  
t o  reach  e q u i l i b r i u m  a t  ambient p ressure .  Then, j u s t  b e f o r e  s t a r t i n g  t h e  t e s t ,  
t h e  source  dewar was p r e s s u r i z e d  t o  40 p s i a  (27.6 ~ / c m ~ ) .  
The s t a n d p i p e  t ank  w a s  f i l l e d  and t h e  p r e s s u r e  i n  t h e  t ank  was h e l d  c l o s e  
t o  t h e  d e s i r e d  l e v e l  ( f i g u r e  56) u n t i l  e q u i l i b r i u m  was e s t a b l i s h e d .  The temp- 
e r a t u r e s  i n  t h e  s t a n d p i p e  main t a n k  a r e  shown i n  f i g u r e s  57 and 58, r e s p e c t i v e l y .  
The l i q u i d  i n  t h e  s t a n d p i p e  appears  t o  be i n  e q u i l i b r i u m  wi th  t h e  t a n k  p r e s s u r e  
a t  a l l  t imes .  The l i q u i d  e n t e r i n g  t h e  main t ank  was a t  -2570F (-160.6OC). 
A f t e r  loading,  t h e  l i q u i d  a t  t h e  t ank  bottom was a t  - 2 5 6 ' ~  (-160.0°C). There 
was l e s s  t h a n  2F0 (1.1~') of s t r a t i f i c a t i o n  f roml the  bottom t o  t h e  50% l e v e l ,  
and about  6F0 (3.3C0) of s t r a t i f i c a t i o n  from t h e  bottom t o  t h e  75% l e v e l .  The 
l i q u i d  a t  t h e  t o p  of t h e  t a n k  was a t  -237OF ( -149 ,40~) ,  which corresponds t o  
e q u i l i b r i u m  i n  terms of t h e  p r e s s u r e  i n  t h e  tank.  
I f  t h e  t empera tu re  of t h e  l i q u i d  a t  t h e  50% l e v e l  i s  r e p r e s e n t a t i v e  of t h e  
t empera tu re  of t h e  b u l k  l i q u i d ,  t h e r e  was 16Fo (8.9C0) of subcool ing immediately 
a f t e r  loading.  This subcool ing was l o s t  i n  approximately  1 112 h r  ( f i g .  58) .  
Once again ,  t h e  s t a n d p i p e  t ank  was no t  f i l l e d  t o  z e r o  u l l a g e ,  a s  i n d i c a t e d  
by observing t h e  i n n e r  i n s u l a t i o n  temperatures  i n  f i g u r e  59. As i n  previous  
load ing  t e s t s  t ank  v e n t i n g  was n e a r l y  cont inuous  and no p r e s s u r a n t  gas  was 
r e q u i r e d  ( f i g u r e s  60 and 61). 
As shown i n  f i g u r e  57, most of t h e  pla t inum probes appear  t o  become covered 
a t  t h e  same t ime ( j u s t  b e f o r e  1800 s e c ) ,  r a t h e r  t h a n  i n  sequence a s  they  should.  
Th is  anomaly was t r a c e d  t o  t h e  d a t a  a c q u i s i t i o n  sys tem i n t o  which t h e  tempera- 
t u r e s  were read.* 
Th is  problem was n o t  d i scovered  u n t i l  t h e  t e s t i n g  was f i n i s h e d ,  s o  t h e r e  
a r e  d a t a  dropouts  i n  each of t h e  l a s t  12 t e s t s .  There were backup thermocouples 
i n  t h e  tank,  s o  no c r i t i c a l  d a t a  were l o s t .  I n  some cases ,  t h e  thermocouples 
could n o t  g i v e  t h e  d e s i r e d  accuracy,  s o  t h e  thermocouple d a t a  were superimposed 
on t h e  platinum-probe p l o t s  i n  o r d e r  t o  determine thermocouple c o r r e c t i o n s  o r  
b i a s e s .  
* The pla t inum probes were scanned s e q u e n t i a l l y .  The impedance of t h e  
f i r s t  probe i n  t h e  s e r i e s  d i d  n o t  e x a c t l y  match t h a t  of t h e  a c q u i s i t i o n  system. 
When t h e  probes were scanned i n  o r d e r  over  a  c e r t a i n  t empera tu re  range where 
a n  impedance mismatch occurred,  t h e  d a t a  f o r  t h e  f i r s t  few probes were l o s t  
because of t h e  recovery t ime  of t h e  a c q u i s i t i o n  system. 
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Figure 56. - Test Number 38 - Single Tank Loading wi th  Methane: 
Pressure at Top of Standpipe Tank 
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Figure 57.- Test Number 38 - Single Tank Loading with Methane: 
Temperature of Liquid in Standpipe Tank 
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Figure 58. - Test Number 38 - Single Tank Loading with Methane: 
Temperature of Liquid in Standpipe 
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Figure 60.- Test Number 38 - Single Tank Loading wi th  Methane: 
Flowrate of Standpipe Tank Vent Gas 
- 0. 
0 1500 3000 4500 6000 7500 
TIM , SEC 
Figure 61. - Test Number 38 - Single Tank Loading wi th  Methane: 
Flowrate of Standpipe Tank Pressurizat ion Gas 
h. Tes t  39.- Tes t  39 c o n s i s t e d  of s e r i e s  f i l l i n g  t h e  s t a n d p i p e  tank 
and ho ld ing  t h e  p r e s s u r e  c o n s t a n t  u n t i l  t h e  system was a t  equ i l ib r ium.  The 
t a n k  p ressure ,  ( f i g .  62) was h e l d  near  36 p s i a  (24.8 ~ / c m ~ )  u n t i l  t h e  end of 
load ing  when t h e  supp ly  dewar p r e s s u r e  dropped t o o  low t o  main ta in  t h i s  l e v e l .  
The temperature  of t h e  l i q u i d  i n  t h e  s t a n d p i p e  main t ank  i s  shown i n  
f i g u r e s  63 and 64, r e s p e c t i v e l y .  Note t h a t  t h e  l i q u i d  i n  t h e  s t a n d p i p e  was sub- 
cooled d u r i n g  t h e  s e r i e s  loading,  bu t  reached e q u i l i b r i u m  w i t h  t h e  t ank  p r e s s u r e  
s h o r t l y  a f t e r  t h e  loading was complete. 
During f i l l i n g ,  t h e  t empera tu re  a t  t h e  i n l e t  t o  t h e  s t a n d p i p e  t ank  was 
- 2 5 6 ' ~  (-160°c), whi le  t h a t  a t  t h e  bottom of t h e  t ank  reached -254OF (-158.g°C). 
However, by t h e  t ime load ing  was complete, t h e  f i l l  r a t e  had slowed cons ider -  
a b l y  due t o  t h e  low dewar p r e s s u r e  and t h e  temperature  a t  t h e  i n l e t  had r i s e n  
t o  abou t  - 2 3 5 ' ~  (-148.3'~), as shown i n  f i g u r e  64. Consequently, t h e  l i q u i d  i n  
t h e  t ank  v a r i e d  from -246 t o  -248OF (-154.4 t o  -155,6OC) a f t e r  loading,  f o r  a  
subcool ing of only  about  8F0 (4.4C0). Before t h e  i n l e t  temperature  began t o  
r i s e ,  t h e  subcool ing was around 13Fo (7.2~'). 
As s e e n  i n  f i g u r e  65, t h e  g o a l  of z e r o  u l l a g e  was n e a r l y  a t t a i n e d .  J u s t  
a f t e r  loading,  t h e  s e n s o r  a t  t h e  t o p  l a y e r  of i n s u l a t i o n  appeared t o  be read ing  
t h e  temperature  of t h e  l i q u i d  f o r  a  s h o r t  pe r iod  b e f o r e  s lowly  warming up. 
F igure  66 shows t h a t  i t  was necessa ry  t o  p r e s s u r i z e  t h e  s t a n d p i p e  t ank  
a t  v a r i o u s  t imes d u r i n g  t h e  s e r i e s  loading,  C o n s i s t a n t  w i t h  t h i s  is  t h e  decreased 
v e n t  f l o w r a t e  shown i n  f i g u r e  67. 
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Figure 62.- Test Number 39 - Series Tank Loading wi th  Methane: 
Pressure at Top of Standpipe Tank 
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Figure 63.- Test Number 39 - Series Tank Loading with Methane: 
Temperature of Liquid i n  Standpipe Tank 
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Figure 64. - Test Number 39 - Series Tank Loading wi th  Methane: 
Temperature of Liquid in Standpipe and In le t  to Standpipe 
Tank 
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Figure 65. - Test Number 39 - Series Tank Loading with Methane: 
Temperature of I n n e r  Layer of Insulat ion at Top and 
Side of Standpipe Tank 
tank 
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Figure 66. - Test Number 39 - Series Tank Loading with Methane: 
Flowrate of Standpipe Tank Pressurization Gas 
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Figure 67. - Test Number 39 - Series Tank Loading with Methane: 
Flowrate of Standpipe Tank Vent Gas 
i. Tes t  40,- The procedure f o r  t h i s  t e s t  was t o  f i l l  only  t h e  s t a n d -  
p ipe  t ank  w i t h  subcooled methane and i n j e c t  gaseous helium i n t o  t h e  methane 
p r e s s u r a n t  gas  a t  s p e c i f i c  t imes throughout  t h e  ho ld  per iod.  There was a 
15-minute d e l a y  between t h e  hel ium a d d i t i o n s  t o  a l l o w  any system changes t o  
occur. 
The t a n k  p r e s s u r e  dur ing  T e s t  40 i s  shown i n  f i g u r e  68. 
By t h e  end of loading,  t h e  l i q u i d  i n  t h e  i n l e t  t o  t h e  s t a n d p i p e  t ank  had 
reached - 2 5 7 ' ~  (-160.6 '~),  whi le  t h a t  a t  t h e  bottom of t h e  t a n k  ( f i g .  69) was 
down t o  -255OF (-159.4'~).  The s t r a t i f i c a t i o n  from t h e  bottom of t h e  t a n k  was 
1 1/2Fo (0.84C0) t o  t h e  50% l e v e l ,  7F0 (3.  9C0) t o  t h e  75% l e v e l ,  and about  20F0 
( 1 1 . 1 ~ ~ )  t o  t h e  tank-top probe. I f  t h e  t empera tu re  of t h e  l i q u i d  a t  t h e  50% 
l e v e l  i s  a g a i n  assumed t o  r e p r e s e n t  t h e  temperature  of t h e  bu lk  l i q u i d ,  t h e  
subcool ing was 17Fo (9.4C0). The temperature  of t h e  l i q u i d  i n  t h e  s t a n d p i p e  
( f i g ,  70) was about  -2370F (-141.90C), which was near  e q u i l i b r i u m  wi th  t h e  t a n k  
p r e s s u r e  a t  a l l  t imes .  
Based on t h e  temperatures  a t  t h e  t o p  of t h e  t a n k  ( f i g .  69) and t h o s e  a t  
t h e  i n n e r  l a y e r  of i n s u l a t i o n ,  t h e  s u r f a c e  of t h e  l i q u i d  was about 1 i n .  (2.54 cm) 
from t h e  t o p  of t h e  tank.  A f t e r  t h e  t e s t  p ressure  had been achieved no a d d i t i o n a l  
p r e s s u r a n t  was needed. The p r e s s u r i z a t i o n  f l o w r a t e  and v e n t  gas f l o w r a t e  a r e  
shown i n  f i g u r e s  71 and 72, r e s p e c t i v e l y .  
Figure 68. - Test Number 40 - Single Tank Loading with Helium Injected 
after Loading: Pressure at Top of Standpipe Tank 
Time, sec 
Figure 69.- Test Number 40 - Single Tank Loading with Helium Injected 
after Loading: Temperature of Liquid in Standpipe Tank 
0 1440 2880 4320 5760 7200 
Time, sec 
Figure 70.- Test Number 40 - Single Tank Loading with Helium Injected 
after Loading: Temperature of Liquid i n  Standpipe 
0 1400 2880 4320 5'60 ROO 
TIM: , SEC 
Figure 71.- Test Number 40 - Single Tank Loading wi th  Hel ium Injected 
after Loading: Flowrate of Standpipe Tank Pressur izat ion Gas 
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Figure 72.- Test Number 40 - Singel Tank Loading wi th  He l ium Injected 
a f te r  Loading: Flowrate of Standpipe Tank Vent Gas 
j. T e s t  41.- T e s t  4 1  followed t h e  same procedure as Tes t  40, excep t  t h a t  
t h e  s t a n d p i p e  t ank  w a s  se r i es - loaded .  As shown i n  f i g u r e  73, t h e  t ank  p r e s s u r e  
t r a c e  dropped of f  w i t h  t h e  dropping supply p r e s s u r e  a t  t h e  end of loading.  
Immediately a f t e r  loading,  t h e  p r e s s u r e  was r a i s e d  t o  t h e  d e s i r e d  l e v e l .  
The incoming l i q u i d  reached - 2 5 7 ' ~  (-160.6'~) b e f o r e  warming up from t h e  
s lower  f l o w r a t e  a t  t h e  end of loading.  F igure  74 shows t h e  temperature  of t h e  
l i q u i d  i n  t h e  main tank.  Note t h a t ,  a t  t h e  end of loading,  t h i s  converged t o  
- 2 5 6 ' ~  (-160'~) w i t h  no s t r a t i f i c a t i o n ;  t h i s  r epresen ted  a subcool ing of about  
9F0 (5c0) s i n c e  t h e  t ank  p r e s s u r e  had dropped o f f  t o  24 p s i a  (16.6 ~ / c m ~ ) .  
The s e r i e s  f i l l i n g  r e s u l t e d  i n  t h e  l i q u i d  i n  t h e  s t a n d p i p e  being subcooled 
( f i g .  75). Once t h e  f i l l i n g  stopped, t h e  s t a n d p i p e  subcool ing was l o s t  i n  about  
1500 s e c ,  
The l i q u i d  was much n e a r e r  t h e  t o p  of t h e  t a n k  f o r  t h e  s e r i e s  loading i n  
t h i s  t e s t  t h a n  f o r  t h e  s i n g l e  t ank  load ing  i n  Tes t  40. The temperature  a t  t h e  
t o p  of t h e  i n n e r  l a y e r  of i n s u l a t i o n  ( f i g .  76) dropped s l i g h t l y  below -250°F 
( - 1 5 6 . 7 ~ ~ )  when load ing  was complete, and t h e n  s lowly warmed t o  around - 2 4 0 ~ ~  
(-151.1°c), where i t  remained u n t i l '  t h e  t ank  was d ra ined .  
Again no p r e s s u r a n t  gas  was r e q u i r e d  d u r i n g  f i l l ,  f i g u r e  77. The v e n t  
f l o w r a t e  was r e l a t i v e l y  low, f i g u r e  78, because of t r o u b l e  i n  main ta in ing  dewar 
p ressure .  
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Figure 73. - Test Number 41 - Series Tank Loading with Helium Injected 
after Loading: Pressure at Top of Standpipe Tank 
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Figure 74. - Test Number 41 - Series Tank Loading wi th  He l ium l njected after 
Loading: Temperature of Liquid in  Standpipe Tank 
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Figure 75. - Test Number 41 - Series Tank Loading witt i  He l ium Injected 
after Loading: Temperature of Liquid in Standpipe 
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Figure 76. - Test Number 41 - Series Tank Loading with Helium l njected 
after Loading: Temperature of Insulat ion at Top of Standpipe 
Tank 
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Figure 77. - Test Number 41 - Series Tank Loading wi th  He l ium l njected 
after Loading: Flowrate of Standpipe Tank Pressur izat ion Gas 
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Figure 78. - Test Number 41 - Series Tank Loading with Helium l njected 
after Loading: Flowrate of Standpipe Tank Vent Gas 
k. T e s t  48.- During t h i s  t e s t ,  t h e  s t a n d p i p e  t ank  was f i l l e d  w i t h  l i q u i d  
n i t r o g e n  p r e s s u r i z e d  t o  48 p s i a  (33.1 ~ / c m ~ )  w i t h  gaseous n i t r o g e n  and he ld  a t  
t h a t  l e v e l  throughout  t h e  load ing  and ho ld  per iod.  The e q u i l i b r i u m  temperature  
corresponding t o  t h i s  p r e s s u r e  is -29g°F (-183.90C), o r  25F0 (13.9~')  warmer t h a n  
t h e  e q u i l i b r i u m  c o n d i t i o n s  of 12 p s i a  and - 3 2 4 ' ~  (-197.80C). Before t h e  t e s t ,  
t h e  s o u r c e  dewar was vented long enough f o r  t h e  l i q u i d  t o  reach  e q u i l i b r i u m .  
The dewar was t h e n  p r e s s u r i z e d  t o  52 p s i a  (35.9 ~ / c m 2 )  j u s t  b e f o r e  s t a r t i n g  t o  
t r a n s f e r  l i q u i d .  
Only t h e  s t a n d p i p e  t ank  was f i l l e d  d u r i n g  t h i s  t e s t .  The t ank  p r e s s u r e  
( f i g .  79) was c l o s e  t o  t h e  d e s i r e d  l e v e l  excep t  dur ing  t h e ,  f i l l ,  because n o t  
enough gaseous n i t r o g e n  was f lowing t o  t h e  supp ly  dewar t o  over come t h e  conden- 
s a t i o n  of t h e  warm gas  and m a i n t a i n  t h e  p r e s s u r e  a t  52 p s i a  (35.9 iY/crn2). 
During loading,  t h e  temperature  of t h e  f i l l  l i n e  was -320°F ( -195 .6°~) .  
The temperature  of t h e  l i q u i d  i n  t h e  s t a n d p i p e  t a n k  is shown i n  f i g u r e  80. When 
t h e  load ing  was complete, t h e  temperatures  a t  t h e  bottom, 50% l e v e l ,  and t o p  of 
t h e  t ank  were -310oF (-190°c), -307  OF (-188.60C), and -301°F ( -185O~),  r e s -  
p e c t i v e l y .  A f t e r  3300 seconds i n t o  t h e  ho ld ing  per iod,  t h e  t ank  t o p  had reached 
-29g°F (-183. g°C), w h i l e  a l l  o t h e r  probes read  - 3 0 0 ' ~  (-184.4OC). 
As shown i n  f i g u r e  81, t h e  l i q u i d  i n  t h e  s t a n d p i p e  momentarily reached 
- 3 0 6 ' ~  (-187.8OC) dur ing  t h e  load ing  before  q u i c k l y  r i s i n g  t o  an  e q u i l i b r i u m  
v a l u e  of -29g°F (-183.g°C) w i t h  t h e  t a n k  p ressure .  J u s t  a f t e r  load ing  t h e  
subcool ing  i n  t h e  main t ank  was 8 . 5 ~ ~  (4.7CO). 
Again, t h e  s t a n d p i p e  t ank  was no t  loaded t o  z e r o  u l l a g e  ( f i g .  8 2 ) :  t h e  
temperature  of t h e  i n n e r  l a y e r  of i n s u l a t i o n  a t  t h e  t o p  of t h e  s t a n d p i p e  t ank  
reached on ly  - 2 6 5 ' ~  (-165OC), i n s t e a d  of being c l o s e  t o  t h e  temperature  of t h e  
l i q u i d  a s  it would have been f o r  z e r o  u l l a g e .  
The p r e s s u r i z a t i o n  gas  f l o w r a t e  and t h e  v e n t  gas  f l o w r a t e  f o r  t h i s  t e s t  
a r e  shown i n  f i g u r e s  83  and 84, r e s p e c t i v e l y .  
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Figure 79. - Test Number 48 - Single Tank Loading with Liquid Nitrogen: 
Pressure at Top of Standpipe Tark 
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Figure 80. - Test Number 48 - Single Tank Loading with Liquid Nitrogen: 
Temperature of Liquid i n  Standpipe Tank 
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Figure 81.- Test Number 48 - Single Tank Loading with Liquid Nitrogen: 
Temperature of Liquid in Standpipe 
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Figure 83.- Test Number 48 - Single Tank Loading with Liquid Nitrogen: 
Flowrate of Standpipe Tank Pressurization Gas 
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Figure 84.- Test Number 48 - Single Tank Loading with Liquid Nitrogen: 
Flowrate of Standpipe Tank Vent Gas 
1. T e s t  49.- T e s t  49 was similar t o  Tes t  48, excep t  t h a t t h e  s t a n d p i p e  t a n k  
was se r ies - loaded .  At t h e  end of Tes t  48, t h e  t a n k  was ven ted  t o  a l l o w  t h e  l i q u i d  
t o  c o o l  down t o  load ing  temperature  b e f o r e  s t a r t i n g  t h e  s e r i e s  load ing  f o r  Tes t  49.  
F igure  85 shows t h e  p r e s s u r e  i n  t h e  s t a n d p i p e  tank. Again, n o t  enough n i t r o g e n  
p r e s s u r a n t  was f lowing i n t o  t h e  supply dewar t o  m a i n t a i n  t h e  d e s i r e d  p r e s s u r e  
d u r i n g  loading,  a l though  it was e s t a b l i s h e d  immediately a f t e r  loading.  
The s t a n d p i p e  t a n k  temperatures  ( f i g u r e  86)  show t h a t  t h e  t a n k  was loaded 
w i t h  ven ted  l i q u i d  b e f o r e  t h e  s tar t  of t h e  s e r i e s  load.  When load ing  was com- 
p l e t e ,  t h e r e  was no s t r a t i f i c a t i o n  from t h e  t o p  of t h e  t a n k  t o  t h e  bottom be- 
cause  t h e  supply dewar p r e s s u r e  had dropped t o  t h e  p o i n t  where t h e  l i q u i d  was 
a t  s a t u r a t i o n  temperature.  S h o r t l y  t h e r e a f t e r ,  t h e  t a n k  p r e s s u r e  was i n c r e a s e d  
t o  48 p s i a  (33.1 ~/crn'),  which l e f t  t h e  l i q u i d  subcoaled ~ F O  (3.3CO) w i t h  r e s p e c t  
t o  t h e  h i g h e r  p ressure ,  
As shown i n  f i g u r e s  87 and 88, z e r o  u l l a g e  was no t  achieved.  Near t h e  end 
of loading,  however, t h e  temperature  of t h e  i n n e r  l a y e r  of i n s u l a t i o n  a t  t h e  t o p  
of t h e  t a n k  dipped momentarily t o  t h e  temperature  of t h e  l i q u i d .  
F igure  89 shows t h a t  no p r e s s u r a n t  gas  was  r e q u i r e d  dur ing  load ing  whi le  
f i g u r e  90 shows t h e  r e l a t i v e l y  low r a t e  of v e n t  gas  f low ob ta ined  i n  s e r i e s  loading.  
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Figure 85. - Test Number 49 - Series Tank Loading with Liquid 
Nitrogen: Pressure at Top of Standpipe Tank 
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Figure 86.- Test Number 49 - Series Tank Loading wi th  Liquid 
Nitrogen: Temperature of L iquid in Standpipe Tank 
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Figure 87.- Test Number 49 - Series Tank Loading wi th  L iquid 
Nitrogen: Temperature of I nsu la t i on  at Top of Standpipe 
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Figure 88. - Test Number 49 - Series Tank Loading with Liquid Nitrogen: 
Temperature of Insulat ion on  Side of Standpipe Tank 
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Figure 89.- Test Number 49 - Series Tank Loading wi th  Liquid Nitrogen: 
F lowrate of Standpipe Tank Pressur izat ion Gas 
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Figure 90.- Test Number 49 - Series Tank Loading with Liquid Nitrogen: 
Flowrate of Standpipe Tank Vent Gas 
2. Tes t  Summary 
The s t a n d p i p e  t ank  load ing  t e s t s  addressed  t h r e e  major a r e a s  of concern, 
p r e s s u r e  c o n t r o l  d u r i n g  loading,  loading t o  z e r o  u l l a g e  and o b t a i n i n g  maximum 
b u l k  subcool ing i n  t h e  loaded tank.  Test r e s u l t s  p e r t a i n i n g  t o  t h e s e  t h r e e  a r e a s  
a r e  d i s c u s s e d  below. 
There were no s i g n i f i c a n t  problems uncovered dur ing t h i s  t e s t  sequence 
a s s o c i a t e d  w i t h  load ing  subcooled cryogens. The t e s t s  included load ing  a s i n g l e  
ambient t ank  wi th  and wi thou t  a non-condensible p r e - p r e s s u r i z a t i o n ,  load ing  a 
s i n g l e  precooled t a n k  and load ing  f o u r  t anks  i n  s e r i e s  through t h e  t e s t t a n k .  
I n  a l l  t e s t s  t h e  t a n k  cont inued t o  v e n t  i n t e r m i t t a n t l y  throughout t h e  
load ing  and no p r e s s u r a n t  gas  w a s  r equ i red .  S t r a t i f i c a t i o n  i n  t h e  l i q u i d  was 
q u i c k l y  e s t a b l i s h e d  s o  t h a t  t h e  l i q u i d  s u r f a c e  was a t  s a t u r a t e d  cond i t ions .  This  
prevented gas  condensat ion and t h e  a s s o c i a t e d  p r e s s u r e  c o l l a p s e .  Because o f  t h e  
e q u i l i b r a t i n g  s t r a t i f i c a t i o n  t h e r e  was no d i s t i n q u i s h i n g  d i f f e r e n c e s  between 
load ing  a n  ambient t ank  w i t h  no helium p r e - p r e s s u r i z a t i o n  (Test  1 )  and load ing  
a t a n k  a f t e r  v a r i o u s  degrees  of hel ium p r e s s u r i z a t i o n  (Tes t s  2 and 3).  
There was no more d i f f i c u l w  i n  loading ambient t anks  ( t e s t s  1, 2 and 3)  
t h a n  t h e r e  was load ing  pre-cooled tanks  ( t e s t s  4, 5 and 6). There was consid-  
e r a b l y  more d i f f i c u l t y  i n  main ta in ing  p r e s s u r e  i n  a s e r i e s  load t h a n  was p r e v a l e n t  
i n  a s i n g l e  t a n k  load ing  under t h e  same c o n d i t i o n s .  This  is  e v i d e n t  by com- 
par ing  t e s t s  38 and 39, 40 and 41, o r  48 and 49. However, t h e  p r e s s u r e  c o n t r o l  
problem dur ing  s e r i e s  loading was due t o  t h e  s i z e  of t h e  s o u r c e  dewar used f o r  
supp ly ing  t h e  t e s t  tanks .  The s o u r c e  dewar volume was e s s e n t i a l l y  t h e  same s i z e  
a s  t h e  t o t a l  volume of t h e  f o u r  t e s t  tanks.  Thus d u r i n g  a s e r i e s  load t h e  u l l a g e  
volume i n  t h e  supply dewar became v e r y  l a r g e  and it was d i f f i c u l t  t o  main ta in  
p ressure .  
Zero u l l a g e  i n  t h e  s t a n d p i p e  t ank  was never complete ly  accomplished, To 
determine whether o r  n o t  z e r o  u l l a g e  w a s  accomplished t h e  t ank  s k i n  temperature  
a t  t h e  t o p  and on t h e  s i d e  were compared. The only  t ime z e r o  u l l a g e  seemed t o  
be approached was dur ing  t h e  s e r i e s  load i n  t e s t  39 ( f i g u r e  65). ' I n  t h i s  t e s t  
t h e  upper s k i n  temperature  b r i e f l y  approached l i q u i d  t empera tu re  j u s t  a s  load ing  
was completed. The temperature  a lmost  immediately i n c r e a s e d  aga in .  This b r i e f  
c o o l i n g  was a t t r i b u t e d  t o  l i q u i d  e n t r a i n e d  i n  t h e  g a s .  
I n  ana lyz ing  t h e  d a t a  w i t h  r e s p e c t  t o  bu lk  subcool ing t h e  two most important  
parameters a r e  t h e  t o t a l  magnitude of s t r a t i f i c a t i o n  and t h e  t empera tu re  p r o f i l e  
i n  t h e  l i q u i d .  The t o t a l  s t r a t i f i c a t i o n  i s  a n  i n d i c a t i o n  of t h e  amount of energy 
r e q u i r e d  t o  b r i n g  t h e  l i q u i d  t o  s a t u r a t e d  condt ions .  The l i q u i d  temperature  p r o f i l e  
i s  a n  i n d i c a t i o n  of h e a t  t r a n s f e r  mechanism w i t h i n  t h e  l i q u i d ,  i . e .  t h e  degree  
of l i q u i d  mixing, The most d e s i r a b l e  p r o f i l e  i n  t h i s  i n s t a n c e  i s  one i n  which 
most o f  t h e  s t r a t i f i c a t i o n  t a k e s  p lace  n e a r  t h e  l i q u i d  s u r f a c e .  
I n  t h e  f i r s t  t h r e e  t e s t s  where ambient t anks  were loaded w i t h  and wi thou t  
p r e - p r e s s u r i z a t i o n  w i t h  a noncondensible gas  (helium), t h e r e  appeared t o  be no 
d i f f e r e n c e  i n  t h e  s t r a t i f i c a t i o n  ( f i g s .  27 and 34). The maximum subcool ing w a s  
abou t  1 0 ° ~  (5.55'~) \ 
I n  t e s t s  4, 5 and 6 pre-cooled tanks  were loaded w i t h  t h e  expected r e s u l t  
of somewhat more maximum subcool ing,  10°F (5.55'~) t o  lS°F (8,330C). The n o t a b l e  
d i f f e r e n c e  between t h e s e  t h r e e  runs  is  t h e  l i q u i d  t empera tu re  p r o f i l e  of t e s t  5  
( f i g .  4 3 )  compared t o  t e s t s  4 and 6 ( f i g s .  38 and 49).  As can be s e e n  t h e  temp- 
e r a t u r e  p r o f i l e  i s  much more pronounced a t  t h e  s u r f a c e  i n  t e s t s  4 and 6 .  It i s  
noted t h a t  i n  test 5 t h e  t ank  p r e s s u r e  was n o t  c o n t r o l l e d  as w e l l  a s  i n  t h e  o t h e r  
two t e s t s  and t h a t  i n  t h e  middle of t h e  load ing  sequence a p r e s s u r e  d e c r e a s e  of 
more t h a n  6 p s i  (4.14 ~ / c m ~ )  occurred.  This was t h e  f i r s t  evidence t h a t  p r e s s u r e  
c o n t r o l  was extremely important  t o  t h e  amount and c h a r a c t e r  of t h e  l i q u i d  s t r a t -  
i f i c a t i o n  obta ined.  This  p o i n t  i s  d r a m a t i c a l l y  emphasized i n  comparing t h e  
s t r a t i f i c a t i o n  and p r e s s u r e  curves  i n  t e s t s  38 and 39 o r  t e s t s  40 and 41. As pointed 
ou t  e a r l i e r ,  t h e  p r e s s u r e  c o n t r o l  i n  t e s t s  39 and 4 1  was poor due t o  t h e  l a r g e  
source  dewar u l l a g e  dur ing  s e r i e s  loading.  This r e s u l t e d  i n  e s s e n t i a l l y  no 
s t r a t i f i c a t i o n .  
Table 7 shows t h e  amount and shape of s t r a t i f i c a t i o n  i n  each load ing  t e s t  
immediately a f t e r  load ing  was completed. Without e x c e p t i o n  t h e  t e s t s  where t h e  
r a t i o  of t h e  s t r a t i f i c a t i o n  above t h e  75% l e v e l  t o  t h e  t o t a l  s t r a t i f i c a t i o n  i s  
lowest  t h e  t a n k  p r e s s u r e  c o n t r o l  was poor. 
Although p r e - p r e s s u r i z a t i o n  of t h e  t anks  w i t h  a  non-condensible gas  d i d  
no t  appear  t o  be needed f o r  p r e s s u r e  c o n t r o l  d u r i n g  load ing  i n j e c t i o n  of a  non- 
condens ib le  a f t e r  load ing  t h e  t anks  d i d  s i g n i f i c a n t l y  a f f e c t  t h e  l i q u i d  subcooling.  
This was noted i n  t e s t  40. At complet ion of load ing  t h e r e  was s i g n i f i c a n t  s t r a t -  
i f i c a t i o n  w i t h  t h e  l i q u i d  s u r f a c e  being a t  t h e  s a t u r a t i o n  temperature  c o n s i s t a n t  
w i t h  t h e  t a n k  pressur,e.  The l i q u i d  s u r f a c e  temperature  began t o  decrease  a s  
hel ium was i n j e c t e d .  

B. HOLD AND TAXI TESTS 
The need t o  i n v e s t i g a t e  ho ld  and t a x i  o p e r a t i o n s  f o r  a i r c r a f t  us ing  
l i q u i d  methane f u e l  a r i s e s  from t h e  p o t e n t i a l  t a n k  gas p r e s s u r e  c o l l a p s e  
problem; thus,  t h e  primary o b j e c t i v e  of t h e  ho ld  and t a x i  t e s t s  were t o  
determine t h e  e f f e c t  on t a n k  gas p r e s s u r e  of a tax i  manuever f o l l o w i n g  a  
long q u i e s c e n t  period,  and whether t h e s e  p r e s s u r e  e f f e c t s  could  be reduced 
o r  e l i m i n a t e d  u s i n g  s p e c i a l l y  des igned tanks .  I n  o r d e r  t o  accomplish t h e s e  
o b j e c t i v e s ,  each of t h e  f o u r  t a n k  c o n f i g u r a t i o n s  was t e s t e d  w i t h  v a r i o u s  u l l a g e  
volumes and s l o s h  l e v e l s .  A l l  t e s t s  a t tempted t o  s i m u l z t e  t h e  a c t u a l  con- 
d i t i o n s  exper ienced i n  a n  a i r c r a f t  dur ing  ground ho ld  and t a x i  opera t ions .  
1, T e s t  D e s c r i p t i o n  and Data 
Each of t h e  low p r e s s u r e  t anks  was t e s t e d  f u l l  and between 5 and 25% 
f u l l .  One a d d i t i o n a l  t e s t  was performed on t h e  foam tank  w i t h  a  50% u l l a g e  
t o  complete t h e  p i c t u r e  of t h e  e f f e c t  of u l l a g e  volume, The t e s t  procedure 
was t h e  same f o r  each t ank  and c o n s i s t e d  of f i l l i n g  t h e  t anks  t o  t h e  d e s i r e d  
l e v e l s  and ho ld ing  u n t i l  thermal  e q u i l i b r i u m  was e s t a b l i s h e d ,  moderately 
s l o s h i n g  a long  t h e  l o n g i t u d i n a l  a x i s ,  ho ld ing  u n t i l  thermal  e q u i l i b r i u m  was 
r e - e s t a b l i s h e d ,  v i o l e n t l y s l o s h i n g  a long t h e  l o n g i t u d i n a l  a x i s ,  ho ld ing  f o r  
1 hour, and a g a i n  v i o l e n t l y  s l o s h i n g  a long t h e  l o n g i t u d i n a l  a x i s .  Each s l o s h  
per iod  l a s t e d  5 minutes.  
The s t a n d p i p e  and high-pressure  tanks  were locked-up a f t e r  load ing  2  
and t h e  p r e s s u r e  w a s  al lowed t o  i n c r e a s e  t o  36 and 62 p s i a  (24.8 and 42.7 N/cm ) 
r e s p e c t i v e l y ,  b e f o r e  being mainta ined a t  t h e s e  l e v e l s  by ven t ing .  The high-  
p r e s s u r e  t a n k  was t e s t e d  a t  b o t h  t h e  96 and 50% l i q u i d  l e v e l s ,  w h i l e  t h e  
guard t anks  were f i l l e d  t o  90% and ven ted  throughout  each t e s t .  
Moderate and v i o l e n t  s l o s h  l e v e l s  a r e ,  of course ,  a f u n c t i o n  of l i q u i d  
l e v e l  and i n t e r n a l  t a n k  conf igura t ion .  That is, t h e  f requency and ampl i tude 
necessa ry  t o  produce a v i o l e n t  s l o s h  i n  a n  open t a n k  would be d i f f e r e n t  f o r  
a  b a f f e l e d  tank,  and s i m i l a r l y  f o r  t h e  same tank  f i l l e d  t o  d i f f e r e n t  l e v e l s .  
To f a c i l i t a t e  t h e  comparison o f  t h e  d i f f e r e n t  t a n k  c o n f i g u r a t i o n s  t h e  s t a n d -  
p ipe  t ank  f i l l e d  t o  t h e  90% l e v e l  was s e l e c t e d  f o r  d e f i n i n g  moderate and 
v i o l e n t  s l o s h  f requenc ies  and ampl i tudes  t o  be used w i t h  a l l t a n k s  and l i q u i d  
l e v e l s .  The s t a n d p i p e  t ank  was equipped wi th  nichrome w i r e  s e n s o r s  near  t h e  
90% l e v e l  t h a t  e s s e n t i a l l y  se rved  a s  high-response,  l i q u i d - l e v e l  sensors .  
A f t e r  t h e  t a n k  was f i l l e d  t o  t h e  90% l e v e l ,  t h e  f requency a t  t h e  f i r s t  s l o s h  
mode was determined and t h e  ampl i tude ,o f  t h e  s l o s h  a c t u a t o r  was v a r i e d  t o  
provide moderate and v i o l e n t  l e v e l s  of l i q u i d  a c t i o n .  Moderate s l o s h i n g  
was d e f i n e d  a s  s l i g h t  s u r f a c e  a g i t a t i o n  i n  t h e  t a n k  wi th  10% u l l a g e  (i .e . ,  
s l o s h i n g  i n  which t h e  l i q u i d  j u s t  covers  and uncovers t h e  s e n s o r ) .  Vio len t  
s l o s h i n g  was d e f i n e d  as s l o s h i n g  a t  t h e  same f i r s t  mode frequency, b u t  wi th  
enough f o r c e  t o  wet t h e  ends and t o p  of t h e  tank.  Wetting was v e r i f i e d  by 
observing t h e  d rop  i n  temperature  a t  t h e  top  s k i n  of t h e  tank.  
a.  Standpipe t a n k  t e s t s .  
1)  T e s t  7: A f t e r  being f u l l y  loaded, t h e  s t a n d p i p e  t ank  was s loshed  
a t  t h e  moderate l e v e l  f o r  5 minutes.  S ince  t h e  s l o s h i n g  caused no n o t i c e a b l e  
change i n  t h e  t a n k  p ressure ,  t h e  thermal  e q u i l i b r i u m  was not  u p s e t  and t h e  
planned w a i t  f o r  r e -es tab l i shment  of e q u i l i b r i u m  was meaningless.  Ins tead ,  
t h e  t ank  was h e l d  s t a b l e  f o r  30 minutes b e f o r e  t h e  f i r s t  v i o l e n t  s l o s h .  
As shown i n  f i g u r e  91, t h e r e  was no e f f e c t  on t a n k  p r e s s u r e  from e i t h e r  
t h e  moderate o r  v i o l e n t  s l o s h  l e v e l .  During t h e  f i r s t  and t h i r d  s l o s h e s ,  
t a n k  p r e s s u r e  was r i s i n g  b e f o r e  and dur ing  t h e  s l o s h e s  a t  t h e  same r a t e .  
We had some d i f f i c u l t y  h o l d i n g  t h e  t a n k  p r e s s u r e  c o n s t a n t ,  which might have 
masked a  s u b t l e  e f f e c t  from s losh ing ,  bu t  no t  any a p p r e c i a b l e  p r e s s u r e  r i s e  
o r  c o l l a p s e .  
F igure  92 shows t h e  t empera tu re  p l o t s  f o r  t h e  l i q u i d  a t  v a r i o u s  l e v e l s  
i n  t h e  tank.  These d a t a  show no s i g n i f i c a n t  mixing of t h e  v a r i o u s  l e v e l s  
as a r e s u l t  of t h e  s l o s h i n g .  A  p o s s i b l e  e x c e p t i o n  might be dur ing  t h e  
moderate s l o s h  when t h e  t ank  t o p  and 75% l e v e l  l i q u i d  temperatures  move 
t o g e t h e r  a s  i f  t h e  l i q u i d  l e v e l s  were mixing; however, t h i s  tendendancy d i d  
n o t  r eoccur  dur ing  e i t h e r  v i o l e n t  s l o s h .  
The h igh-pressure  tank,  which was 96% f u l l  dur ing  t h e  t e s t ,  was a l s o  
examined f o r  s l o s h  e f f e c t s .  The t a n k  p r e s s u r e  curve ( f i g u r e  93) shows no 
a p p r e c i a b l e  change d u r i n g  t h e  moderate s l o s h ,  b u t  shows p r e s s u r e  d e c r e a s e s  
dur ing  each of t h e  v i o l e n t  s l o s h e s .  The f i r s t  v i o l e n t  s l o s h  occurred b e f o r e  
t ank  p r e s s u r e  had reached 62 ps ia ,  (42.7 N/cm2) and thus  t h e  t ank  v e n t  had 
n o t  been opened y e t ,  This o b s e r v a t i o n  a f f i r m s  t h a t  t h e  3 p s i  (2.1 N/cm2) 
p r e s s u r e  drop was due t o  s l o s h i n g  r a t h e r  t h a n  t a n k  v e n t i n g .  The second v i o l e n t  
s l o s h  occurred c o n c u r r e n t l y  w i t h  a p r e s s u r e  drop of 5 1 /2  p s i  (3.8 ~ / c m ~ ) ,  
a l t h o u g h  i t  appears  l i k e l y  t h a t  some of t h e  d e c r e a s e  was d u e  t o  ven t ing ,  
2  as t h e  p r e s s u r e  curve was near ing  t h e  62 p s i a  (42.7 N/cm ) l e v e l  j u s t  p r i o r  
t o  t h e  s l o s h .  
The t ank  l i q u i d  temperature  curves  a r e  shown i n  f i g u r e  94. The tank 
t o p  l i q u i d  temperature  d i p s  about  1 o r  2F0 (0.56 o r  l . l lCO)  dur ing  each of 
t h e  v i o l e n t  s l o s h e s .  
Evidence of t h e  p h y s i c a l  s l o s h i n g  i n s i d e  t h e  t anks  was o f f e r e d  by one 
s e t  of i n s u l a t i o n  temperatures  on top  of t h e  high-pre 'ssure tank, f i g u r e  95. 
The i n n e r  l a y e r  thermocouple was l o c a t e d  a g a i n s t  t h e  s k i n  on t o p  of t h e  tank 
a t  t h e  tangency p o i n t  of t h e  dome and b a r r e l  s e c t i o n .  A l e s s e r  e f f e c t  was 
noted a t  t h e  moderate s l o s h  l e v e l ,  bu t  t h e r e  were s i g n i f i c a n t  s k i n  temperature  
drops  dur ing  v i o l e n t  s l o s h i n g .  
The p r e s s u r i z a t i o n  and v e n t  f l o w r a t e  curves  f o r  t h e  s t a n d p i p e  t a n k  a r e  
shown i n  f i g u r e s  96 and 97, r e s p e c t i v e l y ;  and t h e  v e n t  f l o w r a t e  f o r  t h e  high- 
p r e s s u r e  t a n k  i s  shown i n  f i g u r e  98. 
Moderate s l o s h  
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Figure 91. - Test Number 7 - Ground Hold and Taxi: 
Pressure at Top of Standpipe Tank 
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Figure 93.- Test Number 7 - Ground Hold and Taxi: 
Pressure at Top of High-Pressure Tank 
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Figure 94.- Test Number 7 - Ground Hold and Taxi: 
Temperature of Liquid in High- Pressure Tank 
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F igure 95.- Test Number 7 - Ground Hold and Taxi: 
Temperature of Insu la t ion  at Top of High- 
Pressure Tank 
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Figure 96.- Test Number 7 - Ground Hold and Taxi: 
Flowrate of Standpipe Pressurization Gas 
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F igure 97.- Test Number 7 - Ground Hold and Taxi: 
Flowrate of standpipe Vent Gas 
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Figure 98. - Test Number 7 - Ground Hold and Taxi: 
Flowrate of High-Pressure Vent Gas 
2) T e s t  8: For t h i s  t e s t ,  t h e  s t a n d p i p e  t a n k  was f i l l e d  t o  between 
5 and 25% and t h e  h igh-pressure  t ank  was f i l l e d  t o  50%. No e f f e c t  on t ank  
p r e s s u r e s  o r  l i q u i d  temperatures  was noted f o r  e i t h e r  t ank  dur ing  any of t h e  
t h r e e  s l o s h  per iods  ( f i g .  99 through 102). F igure  103 shows t h e  gas  temp- 
e r a t u r e  throughout t h e  u l l a g e  and t h e  n e g l i g i b l e  mixing dur ing  s l o s h i n g .  
During t h e  hold  between t h e  f i r s t  two s l o s h  per iods ,  a problem a r o s e  
i n  t h e  t e s t  c e l l  and t h e  t anks  had t o  be vented s o  personnel  could s a f e l y  
e n t e r  t h e  a rea .  This reduced t h e  temperature  of t h e  l i q u i d  a t  t h e  bottom of 
t h e  s t a n d p i p e  t ank  by 13FO (7.2C0) and t h a t  a t  t h e  25% l e v e l  i n  t h e  high- 
p r e s s u r e  t ank  by ~ F O  (2.8~') .  
The p r e s s u r i z a t i o n  and ven t  f l o w r a t e  curves  f o r  t h e  Sandpipe t ank  a r e  
shown i n  f i g u r e s  104 and 105, r e s p e c t i v e l y ;  and t h e  v e n t  f l o w r a t e  f o r  t h e  
h igh-pressure  t a n k  i s  shown i n  f i g u r e  106. 
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Figure 99. - Test Number 8 - Ground Hold and Taxi: 
Pressure at Top of Standpipe Tank 
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Figure 100.- Test Number 8 - Ground Hold and Taxi: 
Temperature of Liquid in High -Pressure Tank 
Figure 101. Test Number 8 - Ground Hold and Taxi: 
Pressure at Top of High -Pressure Tank 
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Figure 102. - Test Number 8 - Ground Hold and Taxi: 
Temperature of Liquid in High -Pressure Tank 
Figure 103. - Test Number 8 - Ground Hold and Taxi: 
Temperature of Gas in High-Pressure Tank 
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Figure 104. - Test Number 8 - Ground Hold and Taxi: 
Flowrate of Standpipe Tank Pressurization Gas 
I 
ST FESSLRIZATI Clrl GAS FLM?ATE = 0 
I 
L 
150.0 
135.0 
120.0 
105.0 
90.0 
75.0 
60.0 
45.0 
30.0 
15.0 
0. 
0 1 476 2952 4428 5904 7380 
TIM: , SEC 
Figure 105. - Test Number 8 - Ground Hold and Taxi: 
Flowrate of Standpipe Tank Vent Gas 
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Figure 106. - Test Number 8 - Ground Hold and Taxi: 
Flowrate of Standpipe Tank Vent Gas 
b. Foam-filled tank t e s t s .  
1 )  Test  17: During t e s t  17, the  foam tank was f i l l e d  t o  90% and the  
high-pressure tank was f i l l e d  t o  96%. As can be seen by the  foam tank gas 
pressure  curve i n  f i g u r e  107, t he  f i r s t  and t h i r d  s loshes  occurred during 
tank vent ing periods, which make it d i f f i c u l t  t o  determine any c o r r e l l a t i o n  
between s losh ing  and pressure cont ro l .  Fortunately,  t he  second s l o s h  does 
provide good d a t a  and ind ica t e s  t ha t t ank  pressure was t o t a l l y  unaffected by 
the  v i o l e n t  s lo sh  period. The l i q u i d  temperature curves ( f i g .  108) i nd ica t e  
no l i q u i d  mixing during t h i s  period, a s  expected from the pressure curve. 
The high-pressure tank pressure curve ( f ig .  109) was a l s o  examined 
f o r  s l o s h  e f f e c t s .  The pressure curve showed no change during the  mod- 
e r a t e  s losh ing  but pressure decreases of about 7 p s i a  (4.8 ~ / c r n ~ )  during 
each of t he  v i o l e n t  s loshes.  The pressure decrease curve during the  f i r s t  
v i o l e n t  s l o s h  had a c h a r a c t e r i s t i c  concave shape s i g n i f i c a n t l y  d i f f e r e n t  
than  t h e  t y p i c a l  vent  curve, which was an  almost v e r t i c a l  s t r a i g h t  l i ne .  
This same shape was not a s  no t iceable  during the  second v i o l e n t  s losh ;  however, 
the  pressure  had reached 62 ps i a  simultaneously with the s t a r t  of the  s lo sh  
and vent ing was s t a r t e d ,  
The curves of l i q u i d  temperature i n  the  high pressure tank $ig. 110) 
show no change i n  temperature o r  degree of s t r a t i f i c a t i o n  i d e n t i f i a b l e  with 
s losh ing  . 
Figures 111 and 112 show the  p re s su r i za t ion  and vent f lowrates  i n  t he  
foam tank, while f i g u r e  113 shows the vent  f lowra te  i n  the high-pressure tank. 
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Figure 107. - Test Number 17 - Ground Hold and Taxi: 
Pressure at Top of Foam-Filled Tank 
0 1884 3768 5652 7536 9420 
Time, sec 
Figure 108.- Test Number 17 - Ground Hold and Taxi: 
Temperature of Liquid in Foam-Filled Tank 
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Figure 109.- Test Number 17 - Ground Hold and Taxi: 
Pressure at Top of High-Pressure Tank 
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Figure 110.- Test Number 17 - Ground Hold and Taxi: 
Temperature of Liquid in High-Pressure Tank 
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Figure Ill. - Test Number 17 - Ground Hold and Taxi: 
Flowrate of Foam-Filled Tank Pressur iza t ion  Gas 
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Figure 112. - Test Number 17 - Ground Hold and Taxi: 
Flowrate of Foam-Filled Tank Vent Gas 
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Figure 113.- Test Number 17 - Ground Hold and Taxi: 
2 )  Tes t  18: This t e s t  was r u n  w i t h  t h e  foam t a n k  f i l l e d  t o  between 
5 and 25% f u l l  and t h e  h igh-pressure  t ank  50% f u l l .  As was t h e  c a s e  i n  
Tes t  8 w i t h  t h e  s t a n d p i p e  and h igh-pressure  t anks  f i l l e d  t o  t h e s e  same l e v e l s ,  
no e f f e c t  on t ank  p r e s s u r e s  o r  l i q u i d  temperatures  was noted f o r  e i t h e r  t ank  
d u r i n g  any of t h e  t h r e e  s l o s h  per iods .  F igures  114 and 115 show t h e  t ank  
p r e s s u r e  curves  f o r  t h e  two tanks .  
0. 
0 1920 3840 5760 7680 9600 
T I E  , SEC 
WIDERATE 9 0 9  
'I 
Figure 114. - Test Number 18 - Ground Hold and Taxi: 
Pressure at Top of Foam-Filled Tarik 
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Figure 115. - Test Number 18 - Ground Hold and Taxi: 
Pressure at Top of High-Pressure Tank 
3 )  T e s t  19: This t e s t  was run w i t h  b o t h  t h e  foam t a n k  and t h e  
h igh-pressure  t anks  f i l l e d  t o  SO%, and provided a d a t a  p o i n t  f o r  a  low- 
p r e s s u r e  t ank  between t h e  5% and 100% f i l l e d  cases .  No e f f e c t  on e i t h e r  
p r e s s u r e  o r  l i q u i d  temperature  was noted on e i t h e r  t ank  dur ing  any of t h e  
s l o s h e s .  F igure  116, t h e  foam t a n k  gas  pressure ,  i s  r e p r e s e n t a t i v e  of t h i s  
obse rva t ion .  
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Figure 116. - Test Number 19 - Ground Hold and Taxi: 
Pressure at Top of Foam-Filled Tank 
v 
HODERATE 90% V l a P l T  SLOSH VIOLENT 9041 
c .  Baf f l ed  t ank  t e s t s .  
1)  T e s t  28: During t h i s  t e s t ,  t h e  b a f f l e d  t ank  was f i l l e d  t o  90% 
(i.e.,  t h e  f i r s t  f o u r  compartments were f i l l e d  t o  t h e i r  overflow h e i g h t  and 
t h e  vent-end compartment was f i l l e d  t o  t h e  90% l e v e l  s e n s o r )  and t h e  high- 
p r e s s u r e  t ank  w a s  f i l l e d  t o  96% f u l l .  The b a f f l e d  t ank  p r e s s u r e  and l i q u i d  
temperature  curves  ( f i g s .  117 and 118) were n o t  a f f e c t e d  by t h e  s l o s h i n g .  
As i n  previous  runs w i t h  t h e  h igh-pressure  t ank  f i l l e d  t o  t h e  96% l e v e l ,  
The t a n k  gas  p r e s s u r e  curve ( f i g .  119) d i d  show t h e  same c h a r a c t e r i s t i c ,  
concave-shaped p r e s s u r e  c o l l a p s e s .  The moderate s l o s h  caused about  a 1 p s i  
2  (0.7 ~ / c m  ) drop  whi le  t h e  two v i o l e n t  s l o s h e s  caused approximately  3 p s i  
2  (2.1 ~ / c m  ) drops.  No p a r t i c u l a r  p a t t e r n  was n o t i c e a b l e  on t h e  curves  of 
l i q u i d  temperature  dur ing  t h e  s l o s h  per iods .  
The b a f f l e d  t a n k  p r e s s u r i z a t i o n  and v e n t  f l o w r a t e  curves  a r e  shown 
i n  f i g u r e s  120 and 121, whi le  t h e  h i g h  p r e s s u r e  v e n t  f l o w r a t e  i s  shown i n  
f i g u r e  122. 
Figure 117. - Test Number 28 - Ground Hold and Taxi: 
Pressure at Top of Baffled Tank 
50.0 
45.0 
40.0 
A. 0 
30.0 
25.0 
20.0 
15.0 
10.0 
5.0 
0. 
0 2220 a440 6660 8880 111 00 
T I E  , SEC 
WERATE 9-09 V I a E N T  9-09 VIOLENT 9094 
- - .  . - 
0 2220 4440 6660 8880 11 ,100 
Time, sec' 
Figure 118.- Test Number 28 - Ground Hold'and Taxi: 
Temperature of Liquid i n  Baffled Tank 
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Figure 119. - Test Number 28 - Ground Hold and Taxi: 
Pressure at Top of High-Pressure Tank 
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Figure 120. - Test Number 28 - Ground Hold and Taxi: 
Flowrate of Baffled Tank Pressurization Gas 
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Figure 121. - Test Number 28 - Ground Hold and Taxi: 
Flowrate of Baffled Tank Vent Gas 
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Figure 122. - Test Number 28 - Ground Hold and Taxi: 
Flowrate of High -Pressure Tank 
2)  T e s t  29: This  t e s t  completed t h e  ho ld  and t a x i  s e r i e s ,  wi th  t h e  
b a f f l e d  t ank  between 5 and 25% f u l l  and t h e  h igh-pressure  t ank  50% f u l l .  
The a c t u a l  l e v e l  chosen f o r  t h e  b a f f l e d  t ank  w a s  t h e  upper l i q u i d  l e v e l  
s e n s o r  i n  t h e  f i r s t  compartment. As  w i t h  previous  t e s t s  a t  t h e s e  u l l a g e  
l e v e l s ,  s l o s h i n g  p resen ted  no problems w i t h  p r e s s u r e  c o n t r o l .  
2. Test Summary 
As s t a t e d  previously, the  two main objec t ives  of the  hold and t a x i  t e s t s  
were t o  determine i f  tank gas pressure con t ro l  problems would r e s u l t  from the  
t a x i  maneuver and whether t he  problems, i f  any, were a  func t ion  of tank con- 
f i g u r a t i o n  ( i n  pa r t i cu l a r ,  i n t e r n a l  geometry designed t o  reduce pressure co l lapse) .  
The da t a  from the 7 hold and t a x i  have been evaluated and a t  l e a s t  p a r t i a l l y  
answer both these  quest ions.  
Four d i f f e r e n t  tank conf igura t ions  were tes ted ,  th ree  s p e c i a l l y  designed 
low-pressure tanks and t h e  high-pressure tank. Of the four ,  only the  high- 
pressure tank experienced a  pressure con t ro l  problem. The problem was min- 
imal with the moderate sloshing, ranging from no e f f e c t  t o  about 1 p s i  (0.7 ~ / c m ~ ) ,  
but  more severe with v i o l e n t  s loshing,  ranging from 3 t o  7 p s i  (2.1 t o  4.8 ~ / c rn ) .  
The i n t e r i o r  of the s tandpipe tank i s  the  same a s  the  high-pressure 
tank but  d id  not exh ib i t  t he  same pressure co l lapse  c h a r a c t e r i s t i c s ,  Had 
zero  u l l age  been achieved t h i s  r e s u l t  would have been expected, The reasons 
f o r  the absence of pressure co l lapse  may be r e l a t e d  t o  the  presence of a  l a rge  
source of s a tu ra t ed  l i qu id  i n  t he  s tandpipe.  This added source of s a tu ra t ed  
l i q u i d  would increase  the  t o t a l  vapor iza t ion  due t o  small  pressure reduct ion 
and woula, therefore,  f u r t h e r  counteract  any condensation occurring i n  t he  main 
tank. Since the high-pressure tank was the only tank a f f ec t ed  and i s  the  only 
tank with no s p e c i a l  apparatus f o r  pressure cont ro l ,  i t  appears t h a t  pressure 
co l lapse  is  a  func t ion  of tank geometry. Each of t he  th ree  schemes employed 
on the  low-pressure tanks appeared t o  perform s a t i s f a c t o r i l y .  
The var ious  u l l age  volumes t e s t ed  included "zero ul lage,"  lo%, 50% and 
75 t o  95% f o r  the  low-pressure tank and 4% and 50% f o r  the high-pressure 
tank. As s t a t e d  above, t he re  was no e f f e c t  on any of the  low-pressure tanks 
from sloshing.  This included the  f u l l  range of u l l age  volumes. Ullage vol- 
ume was, however, a  f a c t o r  i n  the  high-pressure tank. Of the  two d i f f e r e n t  
values tes ted ,  only the  96% f u l l  tank experienced a  pressure con t ro l  problem. 
I f  t he  u l l age  volume i s  s u f f i c i e n t l y  small, a l a rge  percentage of both 
t h e  small  l i q u i d  su r f ace  and mass of u l l age  gas is  thoroughly mixed by the  
s loshing.  Conversely, i f  t he  tank i s  only h a l f - f i l l e d ,  the l i qu id  s u r f a c e  
a rea  and u l l age  mass a r e  now much g r e a t e r  and not  s i g n i f i c a n t l y  a f f ec t ed  by 
the  same l e v e l  of s loshing.  
In  each case where the  high-pressure tank pressure curve was a f f ec t ed  
by s loshing,  the  corresponding l i q u i d  temperature curves were e i t h e r  undisturbed 
o r  appeared t o  be d is turbed  a t  some time a f t e r  the  pressure curve dip.  This 
could be i n d i c a t i v e  t h a t  t he  pressure co l lapse  was caused pr imari ly  by mixing 
of the u l l age  gas r a t h e r  than mixing of the  l iqu id .  However, a  second explanat ion 
i s  t h a t  s ince  the tank top  l i q u i d  temperature probe was measuring a  point  
under t he  surface,  and not  a t  the  surface,  the  a c t u a l  sur face  l i qu id  may have 
mixed and caused the  pressure co l lapse .  Depending on the  depth of the 
temperature probe and the s e v e r i t y  of t he  pressure co l lapse  the  l i qu id  the re  
may or may not have been a f f e c t e d  by the  pressure drop a t  some f i n i t e  time 
l a t e r .  
C. HEAT TRANSFER TESTS 
This s e r i e s  of t e s t s  was designed t o  determine the  ove ra l l  e f f ec t ive -  
ness of the tank i n s u l a t i o n  system. This o v e r a l l  e f f ec t iveness  may be d i f -  
f e r e n t  than the  thermal conduct ivi ty  of t he  i n s u l a t i o n  ma te r i a l  due t o  tank 
supports ,  f i l l  l i ne s ,  vent  l i nes ,  e t c .  Tests  9  and 10 were performed on 
the  s tandpipe conf igura t ion ;  t e s t s  20 and 21 on the  foam-fi l led tank;  and t e s t s  
30 and 31, on the  ba f f l ed  tank, 
1. Test  Descript ion and Data 
The t e s t  procedure f o r  a l l  t he  t e s t s  i n  t h i s  s e r i e s  cons is ted  of loading 
the  low-pressure tank t o  loo%, the  high-pressure tank t o  96%, and the  guard 
tanks t o  90%, and then increas ing  the  wing s k i n  temperature t o  400°F (204.4OC). 
The bw-pressure tank was operated a t  approximately 12 ps i a  (8.27 N/cm2), 
ambient pressure a t  t he  t e s t  s i t e .  The high-pressure tank was locked up, 
allowed t o  s e l f -p re s su r i ze  t o  62 p s i a  (42.7 ~/cm*), and held the re  by vent ing.  
The da t a  i s  presented here only f o r  t e s t  9  s ince  the  da t a  on a l l  hea t  t r a n s f e r  
t e s t s  was very s imi l a r .  I n  t e s t  9  the  s tandpipe tank was f i l l e d  and held with 
the  vent  open f o r  2  hr ,  During t h i s  hold period, t h e  tank was sloshed every 
5 minutes t o  wet the  tank walls .  A t  t h e  end of 2  hr,  t he  tank was drained and 
held f o r  a n  add i t i ona l  2  h r  t o  observe the  warmup. 
Figure 123 shows the  temperatures w i th in  the  wing cavi ty .  Figure 124 
shows the  temperature p r o f i l e  through 1 114 inch of i n s u l a t i o n  on the  s i d e  
of the  tank. The r e s u l t i n g  vent  flow r a t e  is shown i n  f i gu re  125. The 
in t eg ra t ed  average f lowra te  during the  t e s t  i s  21.0 l b / h r  (2.66 g/sec) .  This 
is  equiva len t  t o  a  tank hea t  leak  of 104 ~ ~ ~ / h r - f t ~  (327 w/m2). As i s  seen 
i n  f i g u r e  126 the re  was no pressurant  gas required during the t e s t .  
2. Test  Summary 
There was no s i g n i f i c a n t  d i f f e r ence  i n  the  r e s u l t s  of any of the s i x  
h e a t  t r a n s f e r  t e s t s .  The pe r t i nen t  r e s u l t s  of the s i x  t e s t s  a r e  tabula ted  
i n  t a b l e  8. This t a b l e  shows the in t eg ra t ed  average vent  f lowra te  f o r  the  
low pressure  tank, the  in t eg ra t ed  average outer  i n s u l a t i o n  temperature, 
the  average temperature d i f f e r ence  across  the  i n s u l a t i o n  and the "ef fec t ive"  
thermal conduct ivi ty  of the  system. The values of thermal conduct ivi ty  a r e  
based on a  hea t  of vapor iza t ion  of 219 B T U / I ~  (509.8 J/gm) and a  sur face  area 
of 44 f t 2  (4.09 m2). 
There was no i d e n t i f i a b l e  d i f f e r ence  between continuous moderate s lo sh  
( t e s t s  9, 20 and 30) and occasional  v i o l e n t  s lo sh  ( t e s t s  10, 21 and 31).  
There is considerable  s c a t t e r  i n  the da t a  which might be expected on a  thermal 
t e s t  of t h i s  type. However, except f o r  t e s t  10 a l l  values of "ef fec t ive"  
thermal conduct ivi ty  a r e  i n  c lo se  agreement with t h e  value of 0.0186 
BTu/hr-ft-OF (0.769 c a l / s e ~ - m - ~ ~ )  which was determined f o r  t h i s  i n s u l a t i o n  
ma te r i a l  using a  calor imeter  under s imi l a r  t e s t  condi t ions.  No explanat ion 
could be found f o r  the  apparent h igh  va lue  of conduct ivi ty  i n  t e s t  10. The 
r e l a t i v e l y  c lose  agreement of a l l  o ther  values as compared t o  the  ca lor imet ry  
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Figure 123. - Test Number 9 - Heat-Transfer Tests: 
Temperature of Insu la t ion  on  Side of 
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Figure 124. - Test Number 9 - Heat-Transfer Tests: 
Temperature of Wing Structure 
150.0 
1 35.0 
120.0 
105.0 
90.0 
75.0 
60.0 
45.0 
30.0 
15.0 
0. 
0 4284 8568 1 2852 171 36 21420 
TIN , SEC 
Figure 125. - Test Number 9 - Heat-Transfer Tests: 
Flowrate of Standpipe Tank Vent Gas 
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Figure 126.- Test Number 9 - Heat-Transfer Tests: 
Standpipe Tank Pressur izat ion Gas 
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v a l u e  i n d i c a t e s  t h a t  i n s u l a t i o n  system c o n d u c t i v i t y  i s  n e a r l y  t h e  same a s  
t h e  c o n d u c t i v i t y  of t h e  b a s i c  m a t e r i a l .  I n  o t h e r  words t ank  suppor t s ,  
f i l l  l i n e s ,  v e n t  l i n e s ,  e t c .  do n o t  a p p r e c i a b l y  degrada te  t h e  i n s u l a t i o n  
performance. 
D. FUEL-TRANSFER TESTS 
The o b j e c t i v e  of t h i s  t e s t  s e r i e s  was t o  p rov ide  in format ion  on 
t h e  t ank- to - tank  pumping of l i q u i d  methane. The pump was mounted ou t -  
s i d e  t h e  t anks  and wing s e c t i o n  a s  shown by F i g u r e  3.  I n  each t e s t ,  
pumping was from t h e  low-pressure  t ank  t o  t h e  h igh-pressure  t ank  
through an  e x t e r n a l  plumbing loop. With t h e  excep t ion  of t h e  pump 
housing,  t h e  e x t e r n a l  p i p i n g  system was i n s u l a t e d  w i t h  po lyure thane  
foam t o  minimize h e a t  l o s s  t o  t h e  jumped f l u i d .  
I. Tes t  D e s c r i p t i o n  and Data 
The t e s t  procedure  involved load ing  each low-pressure t ank  t o  
maximum, load ing  t h e  h igh-pressure  t a n k  t o  25%, and p r e s s u r i z i n g  t h e  
low-pressure  t a n k  t o  p rov ide  s u f f i c i e n t  n e t  p o s i t i v e  s u c t i o n  head 
(NPSH) t o  t h e  pump. The i n t e r c o n n e c t e d  v a l v e s  were opened t o  t r a n s f e r  
p r e s s u r e  u n t i l  t h e  pump c a s e  t empera tu re  i n d i c a t e d  t h a t  l i q u i d  had 
begun t o  f low. Then t h e  pump was s t a r t e d .  Pumping cont inued u n t i l  
t h e  l i q u i d  reached t h e  96% l e v e l  i n  t h e  h igh-pressure  t ank .  
The f i r s t  pump run  was made wi thou t  s l o s h i n g ,  t h e  second wi th  
cont inuous  moderate s l o s h i n g ,  and t h e  t h i r d  w i t h  a  p e r i o d  of v i o l e n t  
s l o s h i n g  when t h e  l e v e l  i n  t h e  h igh-pressure  t a n k  reached 75%, 
a .  Standpipe t ank  t e s t s .  This  s e r i e s  of t e s t s  was conducted 
w i t h  t h e  s t a n d p i p e  t ank  i n  t h e  low p r e s s u r e  t ank  p o s i t i o n  s o  t h a t  
pumping was from t h e  s t a n d p i p e  t ank  t o  t h e  h igh-pressure  tank.  
1 )  Tes t  11: The l i q u i d  methane i n  t h e  s t a n p i p e  was s a t u r a t e d  
a t  20 p s i  ( 1 3 . 8 ~ 1 c r n ~ )  a t  t h e  beginning of t h e  t e s t .  At approximately 
60 seconds b e f o r e  t h e  i n i t i a t i o n  of pumping t h e  t ank  was p r e s s u r i z e d  
t o  27 p s i  (18.6 N/cm2) t o  p rov ide  pump NPSH. When pumping was s t a r t e d  
2 t ank  p r e s s u r e  had decayed t o  20 p s i  (13,8 N/cm ) and c a v i t a t i o n  occur red .  
A t  t h e  t ime  when pumping was s t a r t e d  t h e  pump c a s i n g  t empera tu re  had 
s t a b i l i z e d  a t  -245OF (-153.g°C). A s  i n d i c a t e d  by f i g u r e  127 s h o r t l y  
a f t e r  pump s t a r t  t h e  t a n k  was aga in  p r e s s u r i z e d  and s i n g l e  phase l i q u i d  
flow was e s t a b l i s h e d .  With cont inued p r e s s u r i z a t i o n  pumping a t  25 gpm 
(1557 c c j s e c )  was mainta ined u n t i l  t h e  high p r e s s u r e  t ank  l e v e l  was ,96% 
f u l l .  During t h e  pump r u n  t h e  h i g h - p r e s s u r e  t a n k  was ven ted  t o  20 p s i  
(13.8 N/cm2) and mainta ined a t  t h a t  p r e s s u r e  throughout t h e  run.  
F igures  128 and 129 show ST and h igh-pressure  t a n k  l i q u i d  temperatures  
dur ing t h e  pump run.  
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Figure 127. - Test Number I1 - Fuel-Transfer Tests: 
Pressure .at Top of Standpipe Tank 
/\ -- 
START PL)9 nuJ lJwP 
Time, sec 
Figure 128.- Test Number II - Fuel-Transfer Tests: 
Temperature of Liquid in Standpipe Tank 
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Figure 129. - Test Number II - Fuel-Transfer Tests: 
Temperature of Liquid in High -Pressure Tank 
2) T e s t  12: During t h i s  pump r u n  t h e  t a n k s  were exposed t o  
cont inuous  moderate s l o s h i n g .  I n i t i a l  p r e s s u r e  i n  t h e  ST tank  was 
18 p s i a  (12.4 ~ / c m ~ ) .  P r e s s u r i z a t i o n  f o r  NPSH was t o  25 p s i a  (17.2 
~ / c m 2 )  dropping t o  22 p s i a  (15.2 N/cm2) dur ing  t h e  pump run.  The 
h igh  p r e s s u r e  t ank  was a g a i n  ven ted  dur ing pumping a s  necessa ry  and 
h e l d  t o  a  p r e s s u r e  of 23 p s i a  (15.9 NIcm2) dur ing  t h e  run.  Pump 
r a t e  was c a l c u l a t e d  a t  67.5 ga l lminu te  (4259 c c l s e c )  based upon ST 
t a n k  l e v e l  sensor  uncover ings .  
3 )  T e s t  13: I n i t i a l  p r e s s u r i z a t i o n  of t h e  s t a n d p i p e  t ank  f o r  
t h i s  t e s t  was from 18 t o  25 p s i a  (12.4 t o  17.2 N/cm2). Pumping r a t e  
was 58 g a l l m i n u t e  (3659 c c l s e c ) .  Vio len t  s l o s h i n g  when t h e  h i g h  
p r e s s u r e  t a n k  reached 75% f u l l  c r e a t e d  no n o t i c e a b l e  e f f e c t  on 
pumping. . 
b. Foam-Filled t ank  t e s t s .  During t h i s  pumping s e r i e s  t h e  faom 
f i l l e d  tank a c t e d  a s  t h e  source  f o r  pumping t o  t h e  h i g h  p r e s s u r e  tank. 
1 )  T e s t  22: P r e s s u r i z a t i o n  f o r  necessa ry  pump NPSH and t o  i n i t i a t e  
p r e s s u r e  t r a n s f e r  f o r  pump c o o l  down was from 16 p s i a  t o  23 p s i a  (11.0 t o  
15.9 ?J/cm2). At pump s tar t  t h e  t ank  p r e s s u r e  was 22 p s i a  (15.2 N/cm2) 
p rov id ing  subcool ing of 6 ~ '  (3.3C0) a t  t h e  foam tank  o u t l e t  t o  t h e  pump. 
FLgure 130 shows t h e  t ank  p r e s s u r e  p r o f i l e  dur ing  t h e  run. F igure  131  
shows tank  l i q u i d  temperatures .  The pumping r a t e  d u r i n g  t h e  r u n  w a s  
75 ga l /minu te  (4732 c c l s e c ) .  The h i g h  p r e s s u r e  t a n k  was vented dur ing  2  t h e  r u n  w i t h  p r e s s u r e s  ranging from 17 t o  18 p s i a  (11.7 t o  12.4 ~ / c m  )
dur ing  pumping. 
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Figure 130.- Test Number 22 - Fuel-Transfer Tests: 
Pressure at Top of Foam-Filled Tank 
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Figure 131.- Test Number 22 - Fuel-Transfer Tests: 
Temperature of Liquid in Foam -Filled Tank 
2) ~~~t 23: Daring t h i s  t e s t  w i t h  cont inuous  moderate s l o s h i n g ,  
p r e s s u r l z a t l o n  b e f o r e  pumping was from 16 t o  18 p s i a  (11.0 t o  12.4 ~ / c m ~ ) .  
A computed pumping r a t e  of 94 gal/min.  (5930 c c / s e c , )  was a t t a i n e d  dur ing  
t h i s  run.  S losh ing  produced no no ted  e f f e c t  on pumping o r  t ank  l i q u i d  
temperatures .  
3 )  T e s t  24: Th is  t e s t ,  w i t h  a p e r i o d  of v i o l e n t  s l o s h  when t h e  
75% l e v e l  was reached i n  t h e  h igh  p r e s s u r e  tank,  was s i m i l a r  t o  T e s t  23 
excep t  t h a t  a pump r a t e  of on ly  28 ga l lminu te  (1767 c c / s e c )  was i n d i c a t e d .  
Some v a r i a t i o n  i n  a c t u a l  f l o w r a t e s  was probably  caused by v a r i a t i o n  i n  
sensor  response  and t h e  s h o r t  pumping t imes involved.  No e f f e c t  on 
pumping by t h e  v i o l e n t  s l o s h i n g  was i n d i c a t e d  by t h e  d a t a .  
c. B a f f l e  t a n k  t e s t s .  During t h i s  t e s t  s e r i e s  t h e  b a f f l e  t a n k  
was used a s  t h e  l i q u i d  supp ly  t o  t h e  pump i n l e t .  
1 )  T e s t  32: P r e s s u r i z a t i o n  f o r  pump NPSH d u r i n g  t h i s  t e s t  w a s  
from 12 t o  25 p s i a  (8.3 t o  17.2 ~ / c m ~ ) .  Tank l i q u i d  temperature  a t  t h e  
beginning of pumping was - 2 6 2 ' ~  (163.3OC) and r o s e  t o  - 2 5 0 ' ~  (-156.7'~) 
dur ing  t h e  run.  F i g u r e s  132 and 133 show b a f f l e  t ank  p r e s s u r e s  and 
l i q u i d  temperatures  dur ing  t h e  t e s t .  With t h i s  t ank  c o n f i g u r a t i o n  a 
combination of p r e s s u r e  t r a n s f e r  and pumping must be used due t o  t h e  
i n t e r n a l  c o n f i g u r a t i o n  of t h e  tank.  F i g u r e  132 shows t h a t  t h e  pump 
end compartment must be s u p p l i e d  l i q u i d  by p r e s s u r e  t r a n s f e r  i n  o r d e r  
t o  supply l i q u i d  t o  t h e  pump i n l e t .  
F i g u r e s  134 and 135 show h i g h  p r e s s u r e  t a n k  p r e s s u r e  and l i q u i d  
t empera tu re  l u s t o r i e s  d u r i n g  t h e  run.  P r i o r  t o  pumping t h e  h i g h  p r e s s u r e  
t a n k  p r e s s u r e  was allowed t o  b u i l d  up t o  37 p s i a  (25.5 ~ / c m ~ ) .  During 
pumping t h e  t a n k  w a s  ven ted  t o  provide a b e t t e r  pumping rate. 
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Figure 132.- Test Number 32 - Fuel-Transfer Tests: 
Pressure at Top of Baffled Tank 
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Figure 133.- Test Number 32 - Fuel-Transfer Tests: 
Temperature of L iquid in Last Compartment of Baffled Tank 
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Figure 134. - Test Number 32 - Fuel -Transfer Tests: 
Pressure at Top of High-Pressure Tank 
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Figure 135.- Test Number 32 - Fuel-Transfer Tests: 
Temperature of Liquid i n  High-Pressure Tank 
2)  Test  33: This t e s t  was similar t o  Test  32 except t h a t  moderate 
s losh ing  was used during the  pump run. No d i f f e rence  i n  r e s u l t s  were 
evident a s  a r e s u l t  of t he  s loshing.  
3)  Test 34: During t h i s  t e s t  v i o l e n t  s losh ing  was s t a r t e d  when 
the  high pressure  tank reached 75% f u l l .  As ind ica ted  by t h e  BT tank 
pressure  and t h e  BT and high-pressure tank l i q u i d  temperatures of 
f i g u r e s  136 - 138, no e f f e c t  from s losh ing  on t h e  pump run could be 
detected.  
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'Figure 136.- Test Number 34 - Fuel-Transfer Tests: 
Pressure at Top of Baffled Tank 
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Figure 137. - Test Number 34 - Fuel-Transfer Tests: 
Temperature of Liquid in Baffled Tank 
0 342 684 1026 1368 17 10 
Time, sec 
Figure 138. - Test Number 34 - Fuel-Transfer Tests: 
Temperature of l iquid i n  High-Pressure Tank 
2. Test  Summary 
Data from pumping using each of t h e  t h r e e  low-pressure tank 
conf igura t ions  was s imi l a r .  I n  each case pressure  i n  t h e  low-pressure 
tank was r a i s e d  from 2 t o  13 p s i  (1.4 t o  9.0 N/cm2) above the  pressure  
i n  t he  high-pressure tank t o  provide pump NPSH. The s tandpipe tank 
requi red  t h e  lowest pressure  r i s e  of 2  t o  3 p s i  (1.4 t o  2 , l  N/cm2) while  
t he  b a f f l e  tank requi red  10 t o  13 p s i  (6.9 t o  9.0 ~ / c m ~ )  i n  order  t o  
prevent pump cav i t a t i on .  A l i q u i d  temperature r i s e  of 2  t o  3F0 (1.1 t o  
1.7C0) was noted i n  t h e  pump loop, i . e . ,  from t h e  source tank o u t l e t  t o  
t h e  r ece ive r  tank i n l e t .  Sloshing had no  not iceable  e f f e c t  on 
pumping o r  on bulk l i q u i d  temperatures i n  t h e  tanks during t e s t .  Pump 
NPSH requi red  was 4.5 f e e t  (1.38m) of water or  about 2  p s i  (1.4 ~ / c m ~ )  
Flow and hea t  l o s ses  i n  t h e  systems made up t h e  d i f f e r ence  i n  tank 
pressure  requirements over t h a t  requi red  by the  pump. 
E. SIMULATED FLIGHT TEST 
This series of tests was conducted to determine the response on the tank 
system to variations in conditions created by supersonic flight. These 
variations consisted of pressure changes caused by ascent to and descent from 
an operating altitude and wing skin heating due to supersonic flight. To 
sl~llulate a flight altitude profile the pressure in the test tank was varied 
according to the profile shown by Figure 139. Wing skin heating was provided 
by banks of quartz lamps above and below the wing section. Power input to 
the lamps was programmed over a time span similar to that use for the altitude 
profile . 
1. Test Description and Data, Initial Test Series 
During these tests each of the low-pressure tank configurations was 
tested under similar conditions. The tests had four phases: a 25-minute 
climb to altitude, a period of tank offloading to simulate fuel usage, and a 
20-minute descent. The wing skin temperature was programmed to increase 
ambient to 400'~ (204.4'~) during ascent, to hold at 400'~ (204.4'~) during 
the offloading period, and to decrease toward ambient during the descent. 
Each of the three low-pressure tank configurations was run through the 
flight profile for three cases -- no sloshing, continuous moderate sloshing, 
and periodic violent sloshing. 
a. Standpipe tank tests. - During this series of tests the standpipe 
tank was in the low-pressure.tank position. 
Tests 14, 15 and 16 varied only in the sloshing conditions imposed 
for each test. No effect due to sloshing could be detected so a representative 
run of the three was selected for presentation. 
Figure 140 shows standpipe tank pressure during Test 16. The pressure 
increase between the ascent and descent phases indicates the 50% drainback. Dur- 
ing this run, thereme two periods of violent sloshing. 
Figure 141 shows the temperatures in the standpipe tank during Test 
16. During the ascent, the decreasing pressure caused bulk boiling of the 
liquid, which destroyed any liquid stratification. Consequently all the 
liquid-level probes read together. 
The tank-top probe appeared to be reading the ullage temperature just 
above the surface of the liquid at the start of the run. Then, as the ascent 
began and the cold vapors cooled down the ullage, the temperature at the top of 
the tank dipped briefly to the temperature of the liquid. Finally, as more 
liquid boiled and the liquid surface dropped, the temperature at the top of 
the tank began to rise again. 
Before the descent, the temperature of the liquid at the 50% level 
behaved similarly. After the drainback, this probe was uncovered, but it was 
just above the surface, After the draining was complete, the tank was vented 
in preparation for the descent. During venting, the liquid at the 50% level 
cooled with the ullage, and then warmed once the vent was closed and the ullage 
warmed. 
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Figure 139.- Simulated A i rc ra f t  Ascent and Descent 
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Figure 140. - Test Number 16 - Simulated Flight Test: 
Pressure at Top of Standpipe Tank 
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Figure 141. - Test Number 16 - Simulated Fl ight Test: 
Temperature of Liquid'  in Standpipe Tank 
During t h e  descen t ,  s t r a t i f i c a t i o n  was e s t a b l i s h e d  throughout t h e  
l i q u i d .  The condensat ion of t h e  ambient p r e s s u r a n t  gas  warmed t h e  top l a y e r  of 
l i q u i d ,  bu t  n o t  enough h e a t  leaked t o  t h e  t ank  t o  warm t h e  bu lk  l i q u i d  t o  
e q u i l i b r i u m .  
By t h e  end of t h e  descen t ,  t h e  temperature  a t  t h e  25% l e v e l  was - 2 5 5 ' ~  
(-159 . ~ O C ) ,  o r  subcooled by 7F0 (3 .9c0) ,  and t h e r e  was abou t  2 ~ '  (1 . l c O )  of 
s t r a t i f i c a t i o n  from t h e  t ank  bottom t o  t h e  25% l e v e l .  
F igure  142 shows t h e  t empera tu re  of t h e  l i q u i d  a t  v a r i o u s  l e v e l s  i n  
t h e  s t a n d p i p e .  
Figure  143 and 144 shows t h e  v e n t  gas  f l o w r a t e s  throughout T e s t  16 
f o r  t h e  s t andp ipe  tad< and h igh-pressure  t ank .  The amount of gas  vented dur ing  
t h e  a s c e n t  i n  T e s t  16 was 29.4 l b  (13.3 Kg), based on t h e  i n t e g r a t e d  f l o w r a t e  
curve.* Liquid  subcool ing a t  t h e  s t a r t  of  t h e  s imulated a s c e n t  was n e g l i g i b l e .  
The p r e s s u r i z a t i o n  gas  r e q u i r e d  d u r i n g  t h e  d e s c e n t  could n o t  be determined 
because t h e  s h o r t  p r e s s u r i z i n g  c y c l e s  ( u s u a l l y  l e s s  t h a n  5 s e c )  could n o t  be 
c o n s i s t e n t l y  picked up w i t h  a d a t a  sampling r a t e  o f  one sample each 180 s e c .  
Th is  problem was e l i m i n a t e d  i n  T e s t s  42 t h r u  47 by u s i n g  cont inuous  d a t a  
samp 1 i n g  . 
Figure  145 shows t h e  performance of t h e  wing h e a t i n g  system. The 
upper wing s t r u c t u r e  reached 4 0 0 ' ~  (204.4'~) j u s t  a t  t h e  end of t h e  a s c e n t  
and h e l d  t h e r e  throughout  t h e  s imula ted  c r u i s e  and f u e l  ou t f low.  At t h e  begin- 
n ing  of d e s c e n t ,  t h e  power was c u t  t o  t h e  h e a t  lamps, and t h e  upper wing 
s t r u c t u r e  cooled t o  2 8 0 ' ~  (137.8 '~) by t h e  end of t h e  d e s c e n t .  
F igure  146 and 147 show how t h e  temperature  o f  t h e  i n s u l a t i o n  was 
a f f e c t e d  by having wing h e a t i n g  on one s i d e  of t h e  tank and cryogenic  temperatures  
on t h e  o t h e r .  
b. Foam-Filled t ank  t e s t s .  - These t e s t s  were s i m i l a r  t o  T e s t  14,  15,  
and 16,  excep t  t h a t  t h e  foam-f i l l ed  t a n k  was i n  t h e  t e s t  p o s i t i o n  i n s t e a d  o f  
t h e  s t andp ipe  tank.  The t h r e e  t e s t s  d i f f e r e d  o n l y  i n  terms o f  t h e  s losh ing :  
t h e  f i r s t  t e s t  was r u n  w i t h o u t  s l o s h i n g ,  t h e  second w i t h  cont inuous  moderate 
s l o s h i n g ,  and t h e  t h i r d  w i t h  p e r i o d i c  v i o l e n t  s l o s h i n g .  Once a g a i n ,  t h e  
s l o s h i n g  had no n o t i c e a b l e  e f f e c t  on p r e s s u r e  o r  t empera tu re .  
The t ank  p r e s s u r e  dur ing  T e s t  26 i s  shown i n  F igure  148. So t h a t  t h e  
l i q u i d  would be subcooled f o r  t h e  a s c e n t ,  t h e  t ank  was ven ted  before  being 
p r e s s u r i z e d  (Figure 148).  
I n  T e s t s  26 and 27, t h e  bulk  l i q u i d  was subcooled 11~' (6. l c O )  a t  
t h e  s tar t  of t h e  a s c e n t .  About 12.3  l b  (5.4 ~ g )  o f  vapor was l o s t  dur ing  
each t e s t .  The temperature  o f  t h e  l i q u i d  dur ing  T e s t  26 i s  shown i n  F igure  149. 
As i n  t h e  s t andp ipe  t ank  t e s t s ,  t h e r e  was l i t t l e  tendency f o r  t h e  l i q u i d  t o  
"Test 1 4  was s i m i l a r  t o  T e s t  16 w i t h  l i t t l e  o r  no subcool ing before  
a s c e n t .  Approximately 30.1 l b  (-13.6 Kg) of gas  was ven ted .  I n  T e s t  15 
0 (cont inuous  moderate s l o s h i n g ) ,  t h e r e  was 5.5F (3 .  l c O )  of subcool ing,  and o n l y  
19.2 l b  (8.7 Kg) of vapor was l o s t .  
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Figure 142.- Test Number 15 - Simulated Fl ight Test: 
Temperature of Liquid in Standpipe 
0. 
0 900 1800 2700 3600 4500 
T I E  , SEC 
Figure 143. - Test Number 16 - Simulated Fl ight Test: 
Flowrate of Standpipe Tank Vent Gas 
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Figure 144. - Test Number 16 - Simulated Flight Test: 
Flowrate of High-Pressure Tank Vent Gas 
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Figure 145.- Test Number 16 - Simulated Flight Test: 
Temperature of Wing Structure 
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Figure 146. - Test Number 16 - Simulated Flight Test: 
Temperature of Insulat ion at Top of Standpipe Tank 
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Figure 147.- Test Number 16 - Simulated Flight Test: 
Temperature of Insulation on Bottom of 
Standpipe Tank 
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Figure 148. - Test Number 26 - Simulated Flight Test: 
Pressure at Top of Foam-Filled Tank. 
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Figure 149.- Test Number 26 - Simulated Flight Test: 
Temperature of Liquid in Foam-Filled Tark 
s t r a t i f y  during a scen t ,  bu t  considerable  s t r a t i f i c a t i o n  during descent.  The 
bulk l i q u i d  was s t r a t i f i e d  11~' (6 . l cO)  by the end of the descent.  
The temperatures of the  in su la t ion  and wing s t r u c t u r e  were s imi l a r  
t o  those measured i n  the  standpipe tank f l i g h t  s imulat ion t e s t s .  Figure 
150 shows the temperature of t he  i n s u l a t i o n  on top of the  foam-fi l led tank 
i n  Tes t  26. 
Vent and p re s su r i za t ion  gas flow r a t e s  f o r  the  foam tank during Test  
26 a r e  shown by Figures  151 and 152. High-pressure tank vent  gas r a t e  i s  shown 
by Figure 153. 
c .  Baff le  tank t e s t s .  - These t e s t s  were s imi l a r  t o  previous f l i g h t  
s imulat ion t e s t s ,  except t h a t  t he  ba f f l ed  tank w a s  used a s  the  t e s t  tank.  
A l l  t h r ee  t e s t s  i n  t h i s  s e r i e s  involved s loshing as the  only v a r i a b l e .  
Again, i t  had no not iceable  e f f e c t  on pressure  o r  temperature. 
Figure 154 shows the  tank pressure  i n  Tes t  36. No at tempt  was made 
t o  subcool t he  l i q u i d  p r i o r  t o  t he  s t a r t  of the  ascent  during any of these  three  
t e s t s ,  so more l i q u i d  was l o s t  during the a scen t  than during the t e s t s  on 
the  foam- f i l l e d  tank. 
The temperature of the l i q u i d  i n  the  baf f led  tank during Test  36 i s  
p l o t t e d  i n  Figures  155 and 156 a s  a funct ion of t e s t  time and b a f f l e  compart- 
ment. Platinum temperature probes a t  the  50% l e v e l  of each of the f i v e  
compartments and a t  the  90% l e v e l  of the  f i r s t  and l a s t  compartments were 
used f o r  these  measurements. During both ascent  and descent ,  the  b a f f l e s  
tended t o  promote s t r a t i f i c a t i o n  between compartments. The bulk bo i l i ng  
caused mixing i n  each compartment, but no t  between compartments. 
Because there  was no subcooling before t he  simulated ascent ,  a r e l a t i v e l y  
l a rge  amount 31.5 l b  (14.3 Kg) of vapor was boi led o f f  during Test  36, and 
34.2 l b  (15.5 Kg) was l o s t  during Tes t  37. I n  Tes t  35, t he  bulk l i q u i d  was 
0 
subcooled approximately 2F0 (1.1C ) before a scen t  and the  bo i lo f f  mass was only 
21.8 l b  (9.9 Kg). 
Af t e r  the  descent6 the bulk l i q u i d  was subcooled by 9.0, 12.5, and 
11.0~' (5.6, 6 .9,  and 6.1C ), respec t ive ly ,  i n  Tes ts  35, 36, and 37. 
The temperatures of the in su la t ion  and wing s t r u c t u r e  were s imi l a r  
t o  those recorded i n  previous f l i g h t  s imulat ion t e s t s .  
Vent and pressurant  gas flow r a t e s  f o r  Test  36 a r e  shown i n  Figures  
157 and 158 f o r  the b a f f l e  tank and the vent  flow r a t e  f o r  the  high-pressure 
tank i s  shown by Figure 159. 
2. Test  Descript ion and Data - 
Complete F l i g h t  P r o f i l e  Se r i e s  
This s e r i e s  cons is ted  of s i x  add i t i ona l  simulated f l i g h t - t e s t s  t h a t  were 
proposed a f t e r  reviewing the t e s t  da t a  from the  o r i g i n a l  f l i g h t  s imulat ion t e s t s .  
I n  the f i r s t  t h r ee  t e s t s ,  the  pressurant  was methane gas; i n  t he  l a s t  t h ree ,  it 
was n i t rogen  gas. The l a t t e r  group of t e s t s  a l s o  had an  added goal  of measuring 
the  s o l u b i l i t y  of n i t rogen  i n  methane. This was done by taking t en  samples a t  
202 var ious  times during the  p re s su r i za t ion  cycle .  
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Figure 150.- Test Number 26 - Simulated Fl ight Test: 
Temperature of I nsu la t i on  at Top of Foam-Filled Tank 
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Figure 151.- Test Number 26 - Simulated Flight Test: 
Flowrate of Foam-Filled Tank Vent Gas 
Figure 152.- Test Number 26 - Simulated Fl ight Test: 
Foam-Filled Tank Pressur izat ion Gas 
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Figure 153. - Test Number 26 - Simulated Flight Test: 
High -Pressure Tank Vent Gas 
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Figure 154.- Test Number 36 - Simulated Flight Test: 
Pressure at-Top of Baffled Tank 
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Figure 155. - Test Number 36 - Simulated Flight Test: 
Temperature of Liquid in First Four Compartments 
of Baffled Tank 
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Figure 156. - Test Number 36 - Simulated Flight Test: Temperature of 
Liquid in Last Compartment of Baffled Tank 
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Figure 157. - Test Number 36 - Simulated Fl ight Test: 
Flowrate o f  Baffled Tank Vent Gas 
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Figure 158.- Test Number 36 - Simulated Fl ight Test: 
Baffled Tank Pressur izat ion Gas 
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Figure 159. - Test Number 36 - Simulated Flight Test: 
High-Pressure Tank Vent Gas 
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The t e s t  procedure  d i f f e r e d  from t h a t  used i n  t h e  o r i g i n a l  t e s t s  i n  t h a t  
a l l  phases  of t h e  f l i g h t  were t o  be s imula ted  i n  a s i n g l e  t e s t .  The s e r i e s  
s t a n d p i p e  t ank  load ing  was followed by a t a x i  p e r i o d  (s imulated by cont inuous  
moderate s l o s h i n g ) .  Next came t h e  s imula ted  a s c e n t ,  which c o n s i s t e d  of t h e  
same tank  p r e s s u r e  p r o f i l e  and wing s t r .ucture  temperature  p r o f i l e  used i n  
t h e  o r i g i n a l  t e s t  s e r i e s ,  accompanied by cont inuous  moderate s l o s h i n g  t h a t  
cont inued throughout  t h e  s imulated d e s c e n t .  Then came a  c r u i s e ,  which 
c o n s i s t e d  o f  main ta in ing  t h e  t ank  p r e s s u r e s  a t  " a l t i t u d e "  and s i m u l a t i n g  
wing h e a t i n g  u n t i l  d r a i n i n g  t h e  s t andp ipe  t ank  back t o  t h e  50% l e v e l .  (The 
p r e s s u r e  i n  t h e  s t a n d p i p e  t ank  was i n c r e a s e d  f o r  t h e  d ra inback  and then  
decreased a g a i n  t o  I t a l t i t u d e "  long enough before  beginning t h e  d e s c e n t  f o r  
t h e  l i q u i d  i n  t h e  t ank  t o  r e a c h  thermal e q u i l i b r i u m . )  L a s t  came t h e  simulated 
d e s c e n t  and unloading.  The d e s c e n t  p r e s s u r e  p r o f i l e  was t h e  same a s  t h a t  
used i n  t h e  o r i g i n a l  t e s t  s e r i e s .  The power was tu rned  o f f  t o  t h e  wing 
h e a t e r s  a t  t h e  s t a r t  of  t h e  d e s c e n t ,  and t h e  wing was allowed t o  coo l  
throughout t h e  remainder of t h e  t e s t .  
a .  Standpipe t ank  t e s t s .  - During t h i s  t e s t  s e r i e s  o n l y  t h e  s t andp ipe  
t ank  c o n f i g u r a t i o n  was used i n  t h e  low-pressure t ank  p o s i t i o n .  
1 )  T e s t s  42, 43, and 44: These t h r e e  t e s t s  were r u n  w i t h  l i q u i d  
methane p r e s s u r i z e d  w i t h  methane vapors  and followed t h e  same t e s t  
procedure .  The r e s u l t s  were  v e r y  s i m i l a r .  T e s t  42 i s  r e p r e s e n t a t i v e  
of t h e  s e r i e s  and i s  d e s c r i b e d  i n  d e t a i l .  
F igure  160 shows t h e  p r e s s u r e  i n  t h e  s t andp ipe  t ank  dur ing  t h e  
run.  The l a r g e  p r e s s u r e  r i s e s  recorded d u r i n g  t h e  s e r i e s  load ing  r e s u l t e d  
when a warm tank  was f i r s t  being f i l l e d  and t h e  v e n t  r a t e  of t h e  f l a s h i n g  
l i q u i d  was n o t  l a r g e  enough t o  m a i n t a i n  t h e  d e s i r e d  p r e s s u r e .  S ince  t h e  
t a n k  being f i l l e d  was i n  s e r i e s  w i t h  t h e  s t andp ipe  tank,  p r e s s u r e  f l u c t u a t i o n s  
were recorded i n  bo th  t anks .  
The temperature  o f  t h e  l i q u i d  i n  t h e  s t andp ipe  t ank  i s  shown i n  F igure  
161. A t  t h e  s tar t  of t h e  a s c e n t ,  t h e  bulk  l i q u i d  (50% probe temperature)  was 
subcooled 6  .5F0 (3 .6~ ' )  w i t h  r e s p e c t  t o  t h e  t ank  p r e s s u r e ;  t h e  l i q u i d  a t  t h e  
0 
to?  o f  t h e  t ank  was a b o u t  3F (1 .7c0) warmer than  t h e  bulk l i q u i d ,  bu t  was 
s t i l l  subcooled.  Th is  i n d i c a t e s  t h a t  t h e  upper l a y e r  o f  l i q u i d  was s a t u r a t e d  
and above t h e  probe a t  t h e  t ank  top.  At  abou t  1000 s e c  i n t o  t h e  a s c e n t ,  t h i s  
probe uncovered,  i n d i c a t i n g  t h a t  t h e  l i q u i d  above it had vapor ized  and been 
ven ted .  
At  approximately  7700 s e c  i n t o  t h e  t e s t ,  a l l  p la t inum probes  appeared 
t o  uncover.  Th i s  i s  t h e  same k ind  of d a t a  dropout  d i s c u s s e d  e a r l i e r .  The 
s tandp ipe  t ank  thermocouples supp l ied  the necessa ry  temperatures  i n  t h e s e  drop- 
o u t  a r e a s .  However, s i n c e  t h e  thermocouples a r e  n o t  as a c c u r a t e  as t h e  pla t inum 
probes ,  a t echn ique  i l l u s t r a t e d  i n  F igure  162 was used t o  determine t h e  thermo- 
couple  b i a s e s .  F igure  162 i s  a p l o t  of a p la t ihum probe and thermocouple a t  
t h e  same l e v e l  i n  t h e  t ank ,  shown on a s c a l e  t h a t  covers  t h e  dropout  a r e a .  
The amount of f u e l  l o s t  dur ing  t h e  a s c e n t  was 23.1 l b  (10.4 Kg), a s  
determined by i n t e g r a t i n g  t h e  v e n t  f l o w r a t e  curve (Figure 1632 d u r i n g  a s c e n t .  
A s  i n  p rev ious  a s c e n t  t e s t s ,  t h i s  corresponded t o  6 . 5 ~ '  (3.QC ) of subcooling.  
Ey i n t e g r a t i n g  t h e  p r e s s u r i z a t i o n  f l o w r a t e  d u r i n g  t h e  d e s c e n t  (Figure 164), 
t h e  amount of methane gas  used was determined t o  be 5 . 4  l b  (2.4 ~ g ) .  The bu lk  
l i q u i d  was subcooled 1 4 ~ '  (7 .5c0) a f t e r  t h e  descen t .  
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Figure 160.- Test Number 42 - Flight Simulation Test: 
Pressure at Top of Standpipe Tank 
Figure 161.- Test Number 42 - Flight Simulation Test 
Temperature of Liquid in Standpipe Tank 
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Figure 162. - Test Number 42 - Fl ight Simulat ion Test: 
Comparison o f  P la t i num Probe and Thermocouple 
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Figure 163. - Test Number 42 - Flight Simulat ion Test: 
Flowrate of Standpipe Tank Vent Gas 
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Figure 164. - Test Number 42 - Fl ight Simulat ion Test: 
Flowrate of Standpipe Tank Pressur izat ion Gas 
The temperature a t  var ious  po in t s  on the  wing s t r u c t u r e  i s  shown i n  
Figure 165. As i n  previous f l i g h t  s imulat ion t e s t s ,  t he  t a r g e t  temperature was 
4 0 0 ' ~  (204.4'~). Figure 166 shows the  response of the in su la t ion  temperatures 
oa top o f  the standpipe tank. 
2) Tes ts  45, 46, and 47: This s e r i e s  of t e s t s  was run wi th  l i q u i d  
methane pressur ized  wi th  gaseous n i t rogen ,  and included a  s e r i e s  of samples 
taken throughout' the  p r e s s u r i z a t i o n  por t ion  t o  determine the s o l u b i l i t y  of 
n i t rogen  i n  l i q u i d  methane. Tes t  46 i s  t y p i c a l  of the  s e r i e s  and w i l l  be 
presented i n  d e t a i l .  
Figure 167 shows t h e  pressure  i n  the  s tandpipe tank during Tes t  46. 
The pressure  r i s e  f o r  drainback a t  around 7000 sec  marked the  f i r s t  a d d i t i o n  
of n i t rogen  pressurant .  The times of  the  samples, a s  wel l  a s  the percentages 
of n i t rogen  i n  each, a r e  shown i n  Table 8. A l l  s o l u b i l i t y  values i n  the t a b l e  
a r e  w e l l  below the  equi l ibr ium value of approximately 15% ca l cu la t ed  wi th  
Henry's l a w .  These values a l s o  represent  the weight concent ra t ion  a t  a  po in t  
l e s s  than 1% i n .  (3.87 cm) beneath the  sur face  of the  l i q u i d  and r ep resen t  
a n  upper bound f o r  the  concent ra t ion  i n  t he  remainder of the  l i q u i d .  
The temperature of the l i q u i d  a t  var ious  l e v e l s  i n  the  standpipe 
i s  shown i n  Figure 168. A t  t he  s t a r t  of the  simulated a scen t ,  the  bulk 
0 l i q u i d  was subcooled only  about 2F ( 1 . 1 ~ ~ ) .  By i n t e g r a t i n g  the  vent  
f lowra te  curve during the  a scen t ,  the amount of methane l o s t  was found to  be 
15.0 l b  (6.8 Kg). The descent  maneuver requi red  5.8 l b  (2.6 Kg) of n i t rogen ,  
and ended wi th  the bulk l i q u i d  subcooled 14~' (7.8~'). Pressurant  and ven t  
gas f lowra tes  a r e  shown by Figures 169 and 170. 
The temperature a t  var ious  po in t s  on the  wing s t r u c t u r e  i s  shown i n  
Figure 171. Figure 172 shows the  response of the  d i f f e r e n t  l a y e r s  of 
i n s u l a t i o n  on the  s i d e  of the  standpipe tank. 
3 .  Tes t  Summary 
During the  i n i t i a l  s e r i e s  of t e s t s ,  i - e . ,  through Tes t  37, the  simulated 
f l i g h t  t e s t s  were i n i t i a t e d  wi th  the  a scen t  po r t ion  of t he  f l i g h t .  Each of 
t he  th ree  low-pressure tank conf igura t ions  was subjected t o  t h ree  t e s t s ,  each 
wi th  a d i f f e r e n t  s lo sh  schedule.  One t e s t  was run wi th  no s lo sh ,  one wi th  
continuous moderate  slosh^ and one wi th  v i o l e n t  310~11 during a scen t  and descent  
when the  tank pressure  was 19.4 p s i a  (13.4 N/cm ). There was no ind ica t ion  of 
pressure  change due t o  s lo sh  i n  any of the  above t e s t s .  
0 The maximum poss ib l e  subcooling i n  these  t e s t s  was 16F (8. 9g0). The 
0 
amount of subcooling achieved va r i ed  from OF (012') t o  11~' (6.1C ) . The 
foam-fi l led tank c o n s i s t e n t l y  exhib i ted  much more s t r a t i f i c a t i o n  than the  o the r  
tanks.  The amount of s t r a t i f i c a t i o n  s i g n i f i c a n t l y  inf luenced the amount of 
boi l -off  during a scen t .  Figure 173 shows the  a c t u a l  boi l -off  during a scen t  
f o r  each t e s t  a s  compared t o  t h e  t h e o r e t i c a l  va lue .  
The second s e r i e s  of t e s t s  were run  only on the  s tandpipe tank conf igura t ion  
and used a considerably d i f f e r e n t  procedure. The p r o f i l e s  covered a l l  events  
normal'ly expected f o r  a complete f l i g h t  including loading,  ground hold and t a x i ,  
a scen t ,  f l i g h t  usage and descent.  The tanks were continuously sloshed a t  a 2 19  
moderate l e v e l .  Again the  s losh  had no apparent  e f f e c t  on tank pressure .  
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F igure  165.- Test Number 42 - Fl ight Simulat ion Test: 
Temperature of Wing S t r u c t u r e  
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Figure 166.- Test Number 42 - Flight Simulation Test: 
Temperature of Insulat ion at Top of Standpipe Tank 
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Figure 167. - Test Number 46 - Flight Simulation Test: 
Pressure at Top of Standpipe Tank 
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Figure 168. - Test Number 46 - Flight Simulation Test: 
Temperature of Liquid in Standpipe Tank 
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Figure 169. - Test Number 46 - Flight Simulation Test: 
Flowrate of Standpipe Tank Pressurization Gas 
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F igure 170.- Test Number 46 - Fl ight Simulat ion Test: 
Flowrate of Standpipe Tank Vent Gas 
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Three of the  s i x  t e s t  s e r i e s  were run using n i t rogen  gas a s  a  pressurant  
f o r  the  l i q u i d  methane. During one of the t e s t s  a l i q u i d  sample was taken 
near the  sur face  i n  t he  tank a t  t en  t e s t  times a s  ind ica ted  i n  Table 8.  
Measured s o l u b i l i t y  was l e s s  than the equi l ibr ium va lue  predicted by Henry's 
law (15%) and s ince  samples were taken near the  l i q u i d  sur face  they should 
c o n s t i t u t e  an  upper l i m i t  i n  t he  l e v e l .  
During descent  a t  the  spec i f i ed  r a t e  shown by Figure 139 p re s su r i za t ion  
was requi red  i n  order  t o  prevent  tank negat ive pressure .  
TABLE 9.- NITROGEN S O L U B I L I T Y  RESULTS 
Sample 
no. 
1 
2 
3 
4 
5 
6 
7 
8 
Time from 
s t a r t  of t e s t ,  
s ec 
7 080 
7 785 
8 280 
8 520 
8 760 
9 000 
9 240 
9 480 
9' 
Nitrogen, 
% wt. 
4.54 
1.74 
3.40 
2.40 
O.OO* 
3.00 
0.60 
0.38 
9 10 080 
10 1 12 600 
0.44 
1.12 
* Inadequate Sample 
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V I .  CONCLUSIONS AND RECOMMENDATIONS 
The r e s u l t s  of each s e r i e s  of t e s t s  were p resen ted  and d i s c u s s e d  
e a r l i e r .  A s e r i e s  of o v e r a l l  g e n e r a l  conc lus ion  w i l l  be p resen ted  h e r e  
and recommendations f o r  f u t u r e  s t u d i e s  w i l l  be made. 
I n  t h e  s e r i e s  of t e s t s  which were conducted over a  pe r iod  of s e v e r a l  
months s t a n d a r d  c ryogen ic  l i q u i d  hand l ing  procedures  were used and no 
p a r t i c u l a r  d i f f i c u l t i e s  were encountered.  The g e n e r a l  conc lus ion  reached 
by o p e r a t i n g  personne l  is t h a t  l i q u i d  methane is s a f e r  and e a s i e r  t o  handle  
t h a n  l i q u i d  hydrogen o r  l i q u i d  oxygen and flows much e a s i e r  t h a n  l i q u i d  
n i t r o g e n .  
S e v e r a l  d i f f e r e n t  methods of load ing  subcooled l i q u i d  methane were 
a t t empted  and reasonab le  success  was ob ta ined  w i t h  a l l  methods. It was 
found t h a t  v e n t i n g  was r e q u i r e d  f o r  a l l  load ing  t e s t s  even when t h e  bu lk  of t h e  
l i q u i d  i n  t h e  f u e l  t anks  was subcooled.  Therefore,  no p r e s s u r i z a t i o n  system 
is  r e q u i r e d  f o r  t h e  load ing  opera t ion .  No tendency f o r  t anks  p r e s s u r e  c o l l a p s e  
was observed, t h u s  t a n k  implosion due t o  n e g a t i v e  p r e s s u r e  a c r o s s  t h e  t a n k  
w a l l  i s  of no concern i n  load ing  subcooled l i q u i d .  
The s t a n d p i p e  t ank  concept was never  a c t u a l l y  t e s t e d  because z e r o  u l l a g e  
was never  accomplished, even though c o n s i d e r a b l e  e f f o r t  was expended i n  a 
number of a t t e m p t s  t o  ach ieve  it. 
I n  o r d e r  t o  ach ieve  maximum subcool ing of t h e  loaded f u e l ,  p r e c i s e  
and c o n s t a n t  t ank  p r e s s u r e  c o n t r o l  i s  r e q u i r e d  dur ing  loading.  
Genera l ly  speaking,  s l o s h  had l i t t l e  e f f o r t  on t ank  p r e s s u r e  o r  t h e  
l i q u i d  temperature  p r o f i l e .  I n  some c a s e s  of v i o l e n t  s l o s h  w i t h  t h e  h i g h  
p r e s s u r e  t ank  a  modest p r e s s u r e  r e d u c t i o n  was observed, b u t  l i q u i d  temperature  
p a t t e r n s  were unef fec ted .  It can, t h e r e f o r e ,  be concluded t h a t  f o r  t h e  s l o s h  
l e v e l s  t e s t e d ,  p r e s s u r e  c o n t r o l  i n  f l i g h t  f u e l  t anks  can  e a s i l y  and r e l i a b l y  
be  mainta ined w i t h  a r e l a t i v e l y  s imple  p r e s s u r e  c o n t r o l  system. 
A n a l y t i c a l  p r e d i c t i o n s  of h e a t  t r a n s f e r  r a t e s  i n t o  t h e  f u e l  t anks  
were i n  c l o s e  agreement w i t h  measured da ta .  
Pumping and t r a n s f e r  of l i q u i d  methane proved t o  be s imple  and s t r a i g h t -  
forward and completely w i t h i n  conven t iona l  engineer ing.  
As was a n t i c i p a t e d ,  t h e  b o i l o f f  l o s s  of f u e l  d u r i n g  a s c e n t  d e p r e s s u r i z a t i o n  
of t h e  t h r e e  low p r e s s u r e  t anks  depended upon t h e  l i q u i d  s t r a t i f i c a t i o n  p r o f i l e .  
The f o a m - f i l l e d  t a n k  c o n s i s t a n t l y  e x h i b i t e d  t h e  g r e a t e s t  degree  of l i q u i d  
s t r a t i f i c a t i o n .  With proper  d e s i g n  and c a r e  b o i l o f f  l o s s  can be l i m i t e d  
t o  a  s m a l l  percentage of t h e  t a n k  volume dur ing  a s c e n t .  
Tank p r e s s u r e  was always mainta ined d u r i n g  loading,  t a x i  and hold,  and 
a s c e n t  and c r u i s e  by v e n t i n g  only.  P r e s s u r i z a t i o n  was r e q u i r e d  on ly  dur ing  
d e s c e n t  t o  land.  T e s t s  w i t h  n i t r o g e n  p r e s s u r i z a t i o n  i n d i c a t e d  t h a t  only  ve ry  
l i m i t e d  n i t r o g e n  a b s o r p t i o n  i n  t h e  f u e l  occurred d u r i n g  t h e  s h o r t  d e s c e n t  
t ime per iod .  Thus i t  can be concluded t h a t  r e p r e s s u r i z a t i o n  of t h e  f u e l  t ank  
dur ing  d e s c e n t  can be accomplished wi th  e i t h e r  methane o r  n i t r o g e n  gas  w i t h  
n e g l i g i b l e  e f f e c t  on o v e r a l l  p r o p u l s i o n  e f f i c i e n c y .  
The foam f i l l e d  tank performed b e t t e r  than the  o ther  conf igura t ions  
i n  terms of l imi t ing  l i q u i d  mixing during f i l l i n g .  The weight of the 
foam (1,58/ft3) adds a  s i g n i f i c a n t  penal ty t o  the  o v e r a l l  f u e l  s torage  
system. Attempts should be made t o  r e t a i n  t he  advantages of t he  foam f i l l e d  
conf igura t ion  while  reducing o v e r a l l  weight. Lighter  foam and p a r t i a l  foam 
f i l l i n g  should be inves t iga ted .  Loading t e s t s  should be conducted with the 
foam-filled configurat ions,  and very prec ise  tank vent ing cont ro l .  
Slosh t e s t s  should be conducted wi th  o ther  tanks configurat ions,  and 
with o ther  modes of s lo sh  motion. 
APPENDIX A 
I. AERODYNAM.1C HEATING AN4LYS I S  
A c r o s s e c t i o n  showing t h e  geometr ical  r e l a t i o n s h i p  between t h e  i n s u l a t e d  tanks  
and t h e  wing s e c t i o n  i s  shown below. Both t h e  i n s i d e  of t h e  s imulated wing and 
t h e  e x t e r i o r  of t h e  tank  i n s u l a t i o n  system were pa in ted  black.  This r e s u l t s  i n  t h e  
b e s t  thermal coupling between t he  wing and t h e  tanks  and i s , t h e r e f o r e ,  a  worst  case  
thermal condition. This b l ack  p a i n t  a l s o  does not apprec iab ly  degrade dur ing  t e s t  
and, t h e r e f o r e ,  provides f o r  maximum r e p e a t a b i l i t y  over  t h e  du ra t i on  of t h e  t e s t s .  
l- Simulated Wing 
Wing Sec t i on  Configurat ion 
The thermal network descr ib ing  hea t  flow from the  simulated wing t o  the 
l i q u i d  i n  a f u l l  tank i s  shown below: 
-- Simulated Wing 
1 
- R C = -  1 A h  + -  
W W  *tht 
RF ~ / ~ F ~ - ~ A , W "  -------- 
--- 3---- Outer su r f ace  of i n s u l a t i o n  
- - - -  L -  -- Tank wal l  
where: R = Thermal r e  s i s t ance ,  ~ ~ - O R / B T U  (hr-OK/kcal) 
F = Geometric view f a c t o r  
2 2 A = Area, f t  (m ) 
u = Stefan Boltzmann's constant  
T = Temperature, OR (OK) 
2 0 h = Convection hea t  t r a n s f e r  c o e f f i c i e n t ,  B~U/hr - f t  - R (kcal/hr-w0K) 
k = In su la t ion  thermal conduct ivi ty ,  ~ ~ ~ / h r - f  t - O R  (kcal/hr-m-OK) 
x = In su la t ion  thickness ,  f t  (m) 
subsc r ip t s :  w = wing 
t = t ank  
r = r a d i a t i o n  
c = convection 
i = i n su l a t ion  
The i n s u l a t i o n  and convection r e s i s t a n c e s  a r e  shown a s  commonly defined 
with the  convectlon r e s i s t a n c e  accounting f o r  t h e  boundry l a y e r  on t h e  wing and 
on tank. The r a d i a t i o n  r e s i s t a n c e  has been l i n e a r i z e d  i n  t h e  following manner. 
I n  s tandard no ta t ion  t h e  hea t  flow from t h e  wing t o  t h e  tank i s  wr i t ten :  
Factoring the temperature difference term: 
In terms of an average temperature: 
This averaging is appropriate if T T which will be shown to be true Eater. 
t Therefore, the linearized radiatiox resistance is: 
2 The actual simultted wing2area is about 170 ft2 (15.8 m ) . The total tank 
surface area is 176 ft (16.4 m ). The geometrical view factor from the wing to 
the tanks is 0.84 as determined in a finite differenie computer analysis. The 
insulation thickngss was 1.25 in. (3.1: cm) and had a .thermal conductivity of 
0.0186 BTU/hr-ft- R (0.0277 kcal/hr-m- K). It is difficult to calculate the 
actual natural convection coefficients for the complicated geometry, however, £05 0 
air at the temperatures f interest it is safe to assume 0.05-<h<1.0 BTU/hr-ft - R 9 0 (0.245 h< 4 88 kcal/hr-m - K)- For this analysis it was assumed to be 0.75 
BTLJlhr-f?-'R (3.66 kcal/hr-m2-OK) as it has little effect on the resulting temp- 
erature. Using the above parameters, the following values for resistances were 
calculated: 
Since the convection resistance is nearly an order of magnitude larger 
than the radiation resistance, the assumption on the heat transfer coefficient 
was not important. 
Upon combining the parallel convection and radiation resistange it is found 
thag the thermal resistance between the wing and tank is 0.0018 h r - o ~ / ~ ~ ~  (0.0040 
hr- K/kcal) and the resistance through the insulation is 0.0319 hr- R/BTU (0.0703 
hr-O~/kcal). Assumingothe wingotemperature to be 400'~ (477.6'~) and the liquid 
temperature to be -260 F (110.9 K) the outside insulation temperature can be 
determined by the equality: 
or, solving for Ti = 364O~ (457.6'~) . 
As expected the radiation component of heat transfer between the tank and the 
wing is so large that there is very little temperature drop between the wing and 
the tank insulation. 
Tile temperature at the top, bottom and sides of the tank during a typical 
heating test is shown below: 
Top = 305:~ (425'~) 
Bottom = 26OOF (400:~) 
Side 1 = 245 F (391 K) 
Side 2 = 250'~ (394'~) 
As can be seen, the temperatures are considerably below the predictions and the 
tank is much warmer on top than on the bottom. This is attributed to natural 
circulation of air within the wing, or "chimney" effect. This appears to be a 
significant effect and one which would exist to some extent in an airplane wing. 
11. ENERGY BALANCES 
I n  g e n e r a l ,  t h e  h e a t  added dur ing  a  t e s t  ( e x t e r n a l  h e a t  l e a k )  p l u s  t h e  
i n i t i a l  h e a t  of t h e  system ( tank ,  l i q u i d  and gas) must equal  t h e  f i n a l  h e a t  o f  t h e  
system. The system, i n  t h i s  c a s e ,  i s  t h e  t ank  w a l l  p l u s  any vented gas  a s  i t  
passes  t h e  v e n t u r i .  This  can be  expressed i n  equa t ion  form a s ,  
O r ,  r e w r i t i n g ,  
where: QE = e x t e r n a l  h e a t  l e a k ,  BTU ( c a l )  
m = mass, l b  (kg) 
C = s p e c i f i c  h e a t ,  ~ ~ u 1 l b - O ~  ( c a l / g - O ~ )  
h  = en tha lpy ,  B T U L ~ ~  , b c a l / g )  
T  = temperature ,  R ( K) 
and s u b s c r i p t s :  T  = t a n k  
L = l i q u i d  
G = gas  
V = vented gas  
i = i n i t i a l  
f  = f i n a l  
Th is  e q u a t i o n  was t h e  s t a r t i n g  p o i n t  f o r  t h e  energy ba lances  p resen ted  i n  t h e  
fo l lowing  s e c t i o n s .  I n  t h e  c a s e  of t h e  h e a t  t r a n s f e r  t e s t ,  s e v s r a l  terms a r e  
ze ro  because t h e  t e s t  was run a t  s t e a d y  s t a t e  c o n d i t i o n s ,  thus  t h e  energy ba lance  
equa t ion  i s  s i m p l i f i e d .  
A. HEAT TRANSFER TEST (TEST 9)  
1. T h e o r e t i c a l  Thermal Conductance 
The t o t a l  h e a t  l e a k  t o  t h e  t a n k  i s  composed o f  t h e  h e a t  l e a k s  through t h e  
i n s u l a t i o n ,  t ank  s u p p o r t s ,  and t h e  f i l l  and v e n t  l i n e s .  
a .  I n s u l a t i o n . -  From c a l o r i m e t e r  t e s t s ,  t h e  i n s g l a t i o n  was found t o  have a  
0 
c o n d u c t i v i t y  of 0.0186 B ~ ~ / h r - f t -  R (0.0217 kcal/h5-m- K) under s imulated t ank  
c o n d i t i  n s .  With a  s u r f a c e  a r e a  of 44 f t  (4.09 m ) f o r  t h e  main t ank  and 4 . 3  f t  9 (0.40 m ) f o r  t h e  s t a n d p i p e ,  and an i n s u l a t i o n  t h i c k n e s s  of 1 .25  i n .  (3.18 cm), 
Hence f o r  an o u t s i d e  temperature  o f  4 0 0 ' ~  (478 '~)  and an  i n s i d e  temperature  of 
-2600; ( 1 1 1 ° ~ ) ,  
q ( i n s u l a t i o 4  = 8.64 - /'-400 - ( - 2 6 0 ) i  - = 5702 B T U / ~ ~  (1437 k c a l / h r ) ,  
b. Tank suppor t s . -  The t a n k  was supported by 8 s t a i n l e s s  steel t u b e s  of 
t h e  fo l lowing  approximate geometry1 
0.065 i n .  (0.165 cm) t h i c k n e s s  
/-0,089 i n s 2  (0.57 cm2) a r e a  7 
0 .5  i n .  (1.27 cm)l - - 
T kP4 (10.2 ina-4 cm) 
Therefore ,  t h e  h e a t  conduct ion through a n  i n s u l a t e d  suppor t  i s  
KA q ( t a n k  suppor t )  = - L AT = (10) (-) (660) = 12.24 ~ T U l h r  (3.08 k c a l l h r ) .  
O r ,  f o r  8  s u p p o r t s ,  
q (tank suppor t )  = (12.24) (8) = 98 BTU/hr (25 k c a l l h r ) .  
c. F i l l  and ven t  l i n e s . -  The i n s u l a t e d  f i l l  l i n e  i s  2 . 5  i n .  (6.35 cm) i n  
diameter  w i t h  a w a l l  t h i c k n e s s  of 0 . 1  i n .  (0.25 cm). This  r e s u l t s  i n  a  c ross -  
s e c t i o n a l  conduction a r e a  of 0 .79 i n .  (5.10 crn2). Therefore ,  f o r  t h e  geometry 
and temperatures  shown below, t h e  h e a t  conduct ion through t h e  f i l l  l i n e  i s  given by: 
( f i l l  l i n e ) =  
An o u t e r  f l a n g e  temperature  o f  QOO'F was assumed f o r  t h i s  c a l c u l a t i o n .  It would 
d e f i n i t e l y  be  l e s s  t h a n  t h e  400 F  f o r  t h e  o u t e r  i n s u l a t i o n  temperature  i n  t h i s  
a n a l y s i s .  This  v a l u e  seems reasonab le  f o r  u s e  w i t h  a  4 0 0 ' ~  o u t e r  i n s u l a t i o n  temp- 
e r a t u r e .  Due t o  t h e  r e l a t i v e l y  smal l  h e a t  l e a k  through t h e  f i l l  l i n e ,  any 
v a r i a t i o n  i n  t h e  f l a n g e  t empera tu re  would e f f e c t  t h e  o v e r a l l  thermal performance 
v e r y  l i t t l e .  
Assuming b l a c k  body r a d i a t i o n ,  t h e  h e a t  t r a n s f e r  by r a d i a t i o n  i n  t h e  f i l l  
l i n e  is:  
4  4  q ( f i l l  l i n e )  = UA (TI -T2) 
4  
= (. 1714 X (%2) (6604 -200 ) 
Thus, t h e  t o t a l  h e a t  l e a k  through t h e  f i l l  l i n e  i s  o n l y  61.5  BTU/hr 
(15.5  k c a l l h r ) .  S ince  t h e  ven t  l i n e  i s  on ly  1 i n .  (2 .5  cm) i n  d iamete r  and 
i n s u l a t e d  over i t s  3 f t  ( 0 . 9  m) l e n g t h ,  t h e  h e a t  l e a k  through i t  was considered 
n e g l i g i b l e .  
d.  E f f e c t i v e  thermal  conductance.-  The t o t a l  h e a t  l e a k  i n t o  t h e  t ank  i s  
t h e  sum of t h e  above terms,  or :  
q  ( t o t a l )  = q  ( i n s u l a t i o n )  + q  ( t ank  suppor t s )  + q ( f i l l  l i n e )  
= 5702 + 98 + 51.5  
= 5861.5 B T U / ~ ~  (1477 k c a l j h r )  
I n  o r d e r  t o  f i g u r e  an o v e r a l l  system c o n d u c t i v i t y ,  
q ( t o t a l )  = ' e f P  A T  
L 
o r  - L q  ( t o t a l )  - (0.104) (5861.5) 
Keff  A A T  (48.3) (660) 
The smal l  d e l t a  between t h e  e f f e c t i v e  thermal c o n d u c t i v i t y  (K ) and t h e  
e f f  
thermal c o n d u c t i v i t y  of t h e  b a s i c  i n s u l a t i o n  m a t e r i a l  (K) i n d i c a t e s  a  good thermal 
des ign .  
2. EYP IRICAL THERMAL CONDUCTANCE 
An a c t u a l  K can be c a l c u l a t e d  from a c t u a l  t e s t  d a t a  by means of a n  energy 
balance.  During h e a t  t r a n s f e r  t e s t s ,  t h e  t e s t  t ank  was vented throughout t h e  
t e s t ,  r e s u l t i n g  i n  c o n s t a n t  t a n k  p r e s s u r e  and l i q u i d  and t ank  t empera tu res .  Using 
t h i s  and t h e  f a c t  t h a t  mass of t h e  u l l a g e  gas  i s  smal l  enough t o  n e g l e c t  h e a t  
con ten t ,  t h e  g e n e r a l  energy e q u a t i o n  reduces  to :  
h  
Q~ + h ~ ( m i  - m f ) ~  -m v e n t  v e n t  = 0  
O r ,  s i n c e  
(mi -mf) = m 
ven t  and (hvent -hL> = $ 
where $ i s  t h e  h e a t  of v a p o r i z a t i o n ,  f i n a l l y ,  
I n  s o l v i n g  f o r  K e f f ,  t h i s  r educes  t o  K - 
e  f  f - L'vent$ 
A A T  
On t e s t  number 9 ,  t h e  s t e a d y  s t a t e  v e n t  f l o w r a t e  was 21.0 l b l h r  (9 .5  k g l h r )  
and t h e  o u t s i d e  i n s u l a t i o n  temperatures  were a s  fo l lows :  
Near side = 245'8 (391'~) 
= 2630F (4010K) 
Bottom = 260'~ (400'~) 
Far side = 250'~ (3940~)J 
Hence, 
This test and all other heat transfer tests except one compare very favorably 
with the theoretically determined value. The results of all other tests were 
presented in section V-C of the final report. 
B. WARM TANK LOADING (TEST 1) 
As previously shown, the general energy balance equation is: 
+ m  h h 
Q~ + m~C~(Ti -Tf)~ + '%ih~i - 5 f h ~ f  ~i ~i - m ~ f h ~ f  -mvent vent = o 
1. Heat Leak 
During loading the time averaged outside insulation temperatures were 
as follows: 
Top temperature = 43'~ (279'~) 
Nsar side temperature = 39'~ (277'~) 
Bottom temperature = 35'~ (275'~) 
Far side temperature = 35'~ (275'~) 
0 This results in an average outside temperature of 3g°F (276 K) . During this same 
time period the average inside insulation temperatures were as follows: 
Top temperature = 22'~ (268'~) 
Near 'side temperature =-146OF (174'~) 
0 Bottom temperature =-I80 F (155'~) 
0 0 Far side temperature =-I20 F (189 K) 
The average inside temperature was -106'~ (196'~). Hence, 
Where: Keff = 0.0197 BT~/hr-ft-~~ (0.0293 kcal/hr-m-OK) from the heat transfer test 
2 2 
A = 48.3 ft (4.5 m ) 
L = 1.25112 = 0.104 ft (3.17 cm) 
Af?' = Test duration = 1260/3600 = 0.35 hr 
A T  = The average temperature  d i f f e r e n c e  a c r o s s  t h e  i n s u l a t i o n  dur ing  
t h e  t e s t .  
There fore ,  
= 461 BTU (116 k c a l )  
2. Tank Wall Heat Capaci ty  
The fo l lowing  i s  a  summary of t h e  t a n k  s k i n  t empera tu res  p r i o r  t o  and a f t e r  
load ing :  
I n i t i a l  t a n k  temp. 
F i n a l  t a n k  temp. 
0 The average i n i t i a l  t a n k  t empera tu re  was 49 F (283 '~) .  S ince  t h e  t a g k  was f i l l e d  
t o  approximately  96% f u l l ,  t h e  t ank  top  probe read ing  of - 1 1 6 ~ ~  (191 K) r e f l e c t e d  
t h e  u l l a g e  t empera tu re  more t h a n  t h e  top  one-four th  of t h e  t ank  s k i n .  Thus, i n  
determining t h e  average t a n k  t empera tu re  a f t e r  load ing ,  t h e  top  probe read ing  was 
weighted o n l y  4%. This r e s u l t s  i n  a f i n a l  t ank  t empera tu re  of - 2 3 9 ' ~  (123 '~) .  
Therefore ,  t h e  change i n  t a n k  energy c o n t e n t  was: 
mTCT (Ti -Tf) T = 160 (0.11) (49 + 239) 
= 5069 BTU (1277 k c a l )  
3.  Liqu id  Enthalpy 
The l i q u i d  supply t empera tu re  dur ing  l o a d i n g  averaged - 2 5 1 . 8 ' ~  (115 .5 '~ ) .  
F i g u r e N  shows t h e  t empera tu re  p r o f i l e  i n  t h e  l i q u i d .  W i t h t h e  f i n i t e  number of 
probes  t h e  e x a c t  shape cannot be f i x e d ,  however, based on t h i s  f i g u r e  i t  seems 
reasonab le  t o  u s e  t h e  50% l e v e l  probe t o  r e p r e s e n t  t h e  average l i q u i d  t empera tu re .  
The t ime averaged l i q u i d  t empera tu re  dur ing  l o a d i n g  w a s  - 2 4 6 . 2 ' ~  (118 .6 '~ ) .  The 
corresponding l i q u i d  e n t h a l p i e s  a r e :  
The t a n k  was f i l l e d  approximately  t o  t h e  96% l e v e l .  I n  a d d i t i o n  t o  t h i s  
l i q u i d ,  t h e r e  was 30.9 l b  (14.0 kg) of vapor vented dur ing  f i l l i n g .  There fore ,  
- 
m ~ f  - V ~ P ~  = (0.96) (19.9) (25.9) 
= 495 l b  (224.5 kg) 
m ~ i  = m ~ f  + mvent = 495 1- 30.9 
= 525.9 l b  (238.5 kg) 
and, 
yihLi = (525.9) (24.0) = 12622 BTU (3181 k c a l )  
"lfhL f  = (495) (28.6) = 14157 BTU (3568 k c a l )  
Figure A1 - Typical Liquid Temperature Prof i le  After Loading 
2 0 40 6 0 8 0 100 
Level in Tank, Percent 
4. U l l a g e  Gas Enthalpy 
The i n i t i a l  and f i n a l  mass of gas  i n  t h e  t ank  were: 
- 
rn = 
(35) (144) (19.9) 
G i  - = (96.4) (510) = 2.04 l b  (0.93 kg) 
Ti 
m = P f V f =  (35)(144)(19.9)(0 ' .04)  = 0.141 1b (0.064 kg) Gf (96.4) (222) 
T£ 
!Ele i n i t i a l  and f i n a l  g a s  e n t h a l p i e s  a r e  397 and 248 BTU/lb (221 and 138 c a l / g ) .  
Thus , 
m h = (2.04) (397) = 810 BTU (204 k c a l )  G i  G i  
and 
m h  = (0.141) (248) = 35 BTlT (8.8 k c a l )  Gf Gf 
5. Vent Gas Enthalpy 
The average e n t h a l p y  of t h e  30.9 l b  (14.0 kg) of vented gas  i s  242.5 ~ T u / l b  
(134.7 c a l j g ) ,  o r  
m h  
v e n t  v e n t  = (30.9) (242.5) = 7493 BTU (1888 k c a l )  
6 .  Heat Balance 
Summing each o f  t h e  terms g ives :  
461 + 5069 + 12622 -14157 + 810 -35 -7493 2 0 
C. COLD TANK LOADING (TEST 5) 
A s  shown p r e v i o u s l y ,  t h e  g e n e r a l  energy ba lance  equa t ion  is:  
Q , + m C  (T - T )  + h T T i f  T ?,ihL,i -?LfhI,f + m ~ i  h ~ i  -=G£~G£ -mvent v e n t  = 0 
1. Heat Leak 
The t ime  averaged o u t s i d e  i n s u l a t i o n  temperatures  d u r i n g  l o a d i n g  were a s  
fol lows:  
Top tempera tu re  = - 1 7 ' ~  (246'~) 
Near s i d e  t empera tu re  = -   OF (252'~) 
Bottom tempera tu re  = - 6 ' ~  (252'~) 
F a r  s i d e  t emepra tu re  = - 7 ' ~  (251°K) 
There fore ,  t h e  average  o u t s i d e  t empera tu re  = - 9 ' ~  (850 '~) .  Using t h e  t ime 
0 
averaged 50% l i q u i d  l e v e l  probe r e a d i n g  o f  -250 F (-116.5 K) a s  r e p r e s e n t a t i v e  
of t h e  b u l k  l i q u i d  t empera tu re  dur ing  l o a d i n g ,  t h e  t empera tu re  d i f f e r e n c e  a c r o s s  
t h e  i n s u l a t i o n  was; 
Since  t h e  load ing  procedure  took 840 seconds,  
Q, = (%) (2205) = 514 BTU (130 k c a l )  
2. Tank Wall Heat Capaci ty  
The fo l lowing  i s  a  summary of t ank  s k i n  temperatures  f o r  Tes t  5: 
- - - - - - - - - - - -- -  
-- -- I Top I Near S ide  I Bottom 1 F a r  S ide  I 
I I 
I I n i t i a l  t a n k  temp. I -179:~ -25o0FO -175:~ 
1 (160 K) (116.5 K) 
F i n a l  t ank  temp. I 
It appears  t h a t  t h e  t ank  bottom s t i l l  had a  smal l  q u a n t i t y  of l i q u i d  cover ing i t  
and d i d  n o t  n e c e s s a r i l y  r e p r e s e n t  t h e  e n t i r e  bottom f o u r t h  of t h e  t ank .  I n  view 
of t h i s ,  t h e  bottom probe read ing  was weighted on ly  10% whi le  t h s  t h r e e  remaining 
read ings  were e q u a l l y  weighted.  This  g i v e s  an  average i n i t i a l  t a n k  temQerature  
of - 1 6 6 ' ~  (163 '~) .  oAf te r  thg  t ank  was loaded t o  approximately  96% f u l l ,  t h e  t ank  
top probe read  -115 F (191.5 K), r e f l e c t i n g  t h e  u l l a g e  t empera tu re  r a t h e r  t h a n  
t h e  top  one-four th  of t h e  t ank  s k i n .  Thus, t h e  top  probe was weighted on ly  4% 
i n  determining t h e  f i n a l  t a n k  t empera tu re  o f  - 2 4 3 ' ~  (120 '~) .  This  r e s u l t s  i n  a  
t ank  t empera tu re  change o f :  
(Ti -Tf)T = -166 -(-243) = 77 F0 (43 KO) 
o r  
mTCT (Ti -Tf) T = (160) (0.11) (77) = 1355 BTU (341 k c a l )  
3. L iqu id  Enthalpy 
During l o a d i n g  t h e  l i q u i d  t empera tu re  a t  t h e  t a n k  i n l e t  w a s  - 2 5 4 ' ~  ( ~ 1 4 ~ ~ ) .  
A f t e r  load ing  t h e  bu lk  t empera tu re  (50% l e v e l  probe) was - 2 5 1 . 2 5 ' ~  (115.79 K) . 
The corresponding e n t h a l p i e s  a re :  
hLi = 21.8 B T U / ~ ~  (12.1  c a l / g )  
hLf = 24.5 B T U / I ~  (13.6 c a l / g )  
The t a n k  was f i l l e d  approximately  t o  t h e  96% l e v e l ,  whi le  8 . 4  l b  (3 .8  kg) of 
vapor were vented dur ing  f i l l i n g .  Therefore ,  
Z f  = (0.96) (19.9 f t 3 )  (26.1  lb / fe3)  = 499 l b  (226 kg) 
and,  
Y , i  ' Z f  + "vent = 499 + 8 .4  = 507.4 l b  (230.2 kg) 
This  l e a d s  to :  
m~ i h ~  i = (507.4) (21.8) = 11061 BTU (2787 k c a l )  
m~ f ! L  f  = (499) (24.5) = 12226 BTU (3081 k c a l )  
4. Ullage Gas Enthalpy 
The i n i t i a l  mass of gas i n  t h e  empty t ank  was: 
The i n i t i a l  u l l a g e  gas e n t h a l p y  was 278 BTU/E~ (154 c a l / g )  o r :  
m h  = (2 .34)(278)  = 651 BTU (164 k c a l )  G i  G i  
m e  f i n a l  mass o f  gas i n  t h e  " f i l l e d "  t ank  was: 
w i t h  a  corresponding e n t h a l p y  of 242 B T U / ~ ~  (134 c a l / g ) .  Elus ,  
m ~ f h ~ f  = (0.127) (242) = 31 BTU (7 .8  k c a l )  
5.  Vent Gas Enthalpy 
A s  s t a t e d ,  t h e  q u a n t i t y  of vented gas  dur ing  load ing  was 8 . 4  l b  (3 .8  kg) ,  
whi le  t h e  average en tha lpy  corresponding t o  t h e  v a p o r i z a t i o n  temepratures  of t h e  
l i q u i d  i s  242 B T U / ~ ~  (134 c a l / g ) .  Therefore ,  t h e  energy l o s t  through t h e  v e n t  
was: 
m h  
v e n t  ven t  = (8.4) (242) = 2033 BTU (512 k c a l )  
6. Heat Balance 
Summing t h e  above terins and equa t ing  t o  ze ro  a s  i n d i c a t e d  i n  t h e  genera l  
energy ba lance  equa t ion  r e s u l t s  i n  t h e  fo l lowing  i n e q u a l i t y :  
7 
514 + 1355 + 11061 -12226 + 551 -31 -2033 A 0  
? 
13581 -14290 = 0  
? 
-709 = 0  
This  r e s i d u a l  v a l u e  of -709 BTU (-185 k c a l )  r e p r e s e n t s  on ly  about 5% o f  t h e  
t o t a l  number of BTU's i n  e i t h e r  t h e  p o s i t i v e  o r  n e g a t i v e  sums of t h e  energy balance.  
D.  SIMLTLATED ASCENT TEST (TEST 42) 
1. Heat Leak 
The h e a t  l e a k  i s  desc r ibed  by t h e  fo l lowing  express ion :  = KeffA A T  Q E  -L 
The fo l lowing  t a b l e  shows t h e  o u t e r  i n s u l a t i o n  temperatures  used t o  determine 
a n  average o v e r a l l  o u t e r  t ank  temperature :  
Using the 50% level platfnum probe to determine inside tank temperature, the 
0 0 integrated time averaged liquid tem erature during ascent was -252.5 F (115.1 K). 8 Hence, AT = 90'- (-252.5)= 342.5 F (190.3 KO) 
- O' (48.3) (342.5) = 3134 BTLJ/hr (790 kcal/hr) 
'E 0.104 
: Temperature at start 
: of ascent 
Tem?erature at end 
of ascent 
v 
Average 
temperature 
or, during the 25 minute ascent, 
2 5 
Q, = (3134) = 1306 BTLJ (329 kcal) 
2. Tank Heat Capacity 
Overall tank average 
temperature 90'~ (305 OK) 
i 
TOP 
30°g 
(272 K) 
295:~ 
(419 K) 
1 6 2 ~ 5 ~ ~  
(346 K) 
The initial and final tank temperatures ( assuming the tank wall temperature 
is equal to the liquid temperature) are -250.3 8nd -259.2'~ (116.3 and 111.4 KO) 
respectively. Hence, (Ti -Tf)T = 8.9 F0 (4.9 K ) and for 
0 
mT = 160 lbs (72.6 kg) and CT = 0.11 BTLJ/~~ - F (0.11 eallg-O~) 
mTCT (Ti -Tf) T = (160) (0.11) (8.9) = 157 BTU (40 kcal) 
Near Side 
-3g°F 
(239 K) 
150:~ 
(339 K) 
60:~ 
(289 K) 
3. Liquid Enthalpy 
Assume the tank was initially 96% full, thus the liquid mass is: 
mr,i = (0.96) (19.9) (26.5) = 506 lb (229.5 kg) 
Bottom 
0:~ (255 K) 
16 5:~ 
(347 K) 
82. OF 
(301 K) 
4. 
For 
TLi = 250.3'~ (116. ~OK), hLi = 24 B T U / ~ ~  (13.3 cal/g) 
Far Side 
- 5:F
(253 K) 
11 5OF 
(319'~) 
55:~ 
(286 K) 
~ i h ~ i  = 506 (24) = 12144 BTU (3060 kcal) 
Since the botloff during ascentowas 23.101b (10.5 kg), the final liquid mass 
is 483 lb (219 kg). For T = -259.2 F (111.4 K) Ltf = 17 B T U / ~ ~  (9.4 callg) L f 
%f\f = (483) (17) = 8211 BTU (2069 kcal) 
4. Ullage Gas Enthalpy 
Assuming l i n e a r  
i n  t h e  s tandpipe tank 
and t h e  top tank skin 
1 Top tank sk in  
Liquid su r f ace  
Average temp. I 
s t r a t i f i c a t i o n  i n  t h e  u l l a g e ,  t he  average temperature of gas 
can be  determined from t h e  average o f  t h e  l i q u i d  sur face  
temperature a s  follows: 
f 
I n i t i a l  u l l a g e  volume was 4%,  o r  
3  3 (0.04)(19.9) = 1.0  f t  (0.028 m ) 
S t a r t  ascent  
' -240'; 
(122.0 K) 
m = PiVi = 
G i  - (27) ('")= 0.187 l b  (0.085 kg) 
R Ti (96.4) (216) 
End Ascent 
- 
-201;~  
(143.7 K) 
m h = (0.187) (245) = 46 BTU (11.6 kca l )  G i  G i  
F ina l  u l l a g e  volume was: 
m 
= PfV, = (144) (13) (1.87) = 0.158 l b  (0.072 kg) 
Gf - (96.4) (230) 
and T£ 
"cfhcf = (0.158) (251) = 40 BTIJ (10.1 kca l )  
5. Vent Gas Enthalpy 
The mass of t h e  vented gas was 23.1 l b  (10.5 kg) ,  whi le  t h e  average temp- 
e r a t u r e  and enthalpy over t h e  vent  per iod were -180 F (155.4'~) and 278 B T U / ~ ~  
(154 ca l / g )  r e spec t ive ly .  Thus, 
m h  
vent  vent  = (23.1) (278) 
= 6422 BTU (1618 kca l )  
6. Heat Balance 
Summing t h e  above terms and equat ing t o  zero a s  i nd i ca t ed  i n  t h e  general  
energy balance equat ion r e s u l t s  i n  t h e  following inequa l i t y :  
9 
These r e s u l t s  i n d i c a t e  less than a  7.5% var iance  i n  t h e  energy balance. 
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